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INTRODUCTION 
M.V.K. Sivakumar 
The sehi-arid tropics (SAT) are characterized by sparce vegetation and low productivity of 
traditional rainfed agriculture. Inadequate vegetative cover does not provide sufficient protection 
against the impact of torrential rainstorms that may occur during the rainy season, resulting in 
surface runoff, soil erosion and subsequent loss of fertile top soil. As a consequence, the rate 
of soil degradation in the SAT is alarmingly high. The low and erratic rainfall, high soil and air 
temperatures, soils with poor native soil fertility, surface crusting and low water holding capacity, 
and recurrence of water deficits in the crop growing season are some of tile main abiotic factors 
leading to this situation. It is imperative that soil fertility and water be rnanaped effectively and 
conserved through careful husbandry of natural resources and land-improving investments so that 
soil quality is improved. Development of improved soil, water and nutrient management 
(SWNM) practices suitable for varied soil and agroclimatic conditions in the SAT is crucial for 
ensuring the long-term productivity and sustainability of the fanning systerns in tlie dry tropics. 
Right from its inception on 5 July 1972 with the adoption of its constitution and the 
establishment of its governing board, ICRISAT has recognized the importance of SWNM 
research for the SAT. By the end of 1973 crop season, the following highlights were reported 
(ICRISAT, 1974): 
The ridge and fiirrow system effectively manipulated runoff, reduced drainage problems and 
erosion and increased infiltration. 
Overall rainfall use efficiency was estimated at about 7070 on the improved experimental 
watershed versus 50% for a traditional rabi (post-rainy season) cropping system. 
Two years of fertilizer response observations have helped to provide information for 
designing further experiments involving diverse crops, soils and management systerns. 
In 1974, the small watershed, a natural catchment and drainage area, was chosen as the focus for 
study and intervention of SWNM practices. In eight watersheds on black soils, investigations 
were conducted on different cropping systems and different resource management technologies, 
from traditional to improved. 
The overall research thrust of SWNM research in ICRISAT was focussed on the following areas: 
Quantification of the climatic environment with particular reference to rainfall climatology 
across the SAT. 
Development of soil and water management systerns to ensure optimum soil moisture 
environment for crop growth, minimize land degradation and restore soil quality. 
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Development of improved nuuient management strategies through a better understanding of 
nitrogen dynamics in semi-arid cropping systems of short and medium duration (90-150 days) 
that include grain legumes in Asia. 
Development of more effective nutrient management practices with emphasis on phosphorus 
and nitrogen for the millet- and sorghum-based cropping systems in West Africa. 
Exploitation of beneficial soil fauna and flora for increased crop and soil productivity. 
Assessment of technologies for improved management of soil, water and nutrient resources 
and identification of adoption constraints, common property issues and degradation and 
sustainability of agriculture. 
Use of system simulation models to evaluate technology options and for technology transfer 
to other agroecologies. 
In pursuance of the above thrusts, ICRISAT committed considerable resources and funds to 
SWNM research over the years. Initially, research efforts were oriented to problem solving at 
the ICRISAT Center in Patancheru and the number of full time nationally recruited staff (NRS), 
conducting SWNM investigations at ICRISAT, Patancheru increased steadily from 1974 to 1979- 
80 (Fig. 1). The strength of internationally recruited staff (IRS) grew from one staff rnernber in 
1974-76 to 6 by 1982 (Fig. 1). A number of special project staff also came on board during 
1979-83. These developments provided a significant staff strength, ranging fro111 19-21, in the 
SWNM area during 1979-85. 
By 1081, SWNM research of ICRISAT became global witli the initiation of full-time researcli 
on SWNM aspects at one African location of ICRISAT (Burkina Faso) and the first report on 
ICRISAT's SWNM researcli in Africa was published in 1982 (ICRISAT 1982). Around the same 
time, researcli work was initiated at the ICRISAT Sahelian Center (ISC) with the appointment 
of an IFDC soil clie~nist. ICRISAT core IRS staff witli full-tinie respotisibility for SWNM 
research stayed between 2-3 during 1983-95 (Fig. 2). However, consistent presence of 1-3 staff 
members froni special projects during 1981-95, helped underpin SWNhl researcli at ISC. 
Long-tenn staffing trends in the SWNM area at ICRISAT locations i n  India and Africa (Fig. 3) 
show a significant decline in India, from 19 to 12 during 1990-95, much of it in the NRS 
category (Fig. 1). The 1RS staff strength in India was however stable during this period. Total 
full-time staff involved in SWNM research in India is still higher than the staff strength in Africa 
(Fig. 3). 
In the following pages, we have attempted to provide a review of the SWNM research in 
ICRISAT. As the previous review of water management research in ICRISAT was carried out 
in 1982, we have used 1983 as the starting point for this review which covers the period 1983- 
1995. Fortunately, the Chair (Dr. E.T. Kanemasu) and a panel member @r. S.S. Prihar) for the 
present review were also members of the panel that conducted the review in 1982. 
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As the emphasis in this review is on the "management" of soil, water and nutrients, we have 
deliberately excluded "genotype screening" aspects here. However, it is important to mention 
that the evaluation of genotypes for their response to water and nutrients continues to receive 
a major attention in ICRISAT. Agronomic management of water and nutrients through strategies 
such as intercropping, relay cropping, crop rotations, manipulation of plant densities etc., is 
treated as an integral aspect of all the presentations, wherever appropriate. 
We hope that this review, and the companion volume on SWNM research in print, provide 
evidence of productive research canied out at ICRISAT over the past 13 years. We recognize 
that the current review comes at a very appropriate time. The Greenland Report and the TAC 
study on Priorities and Strategies for Soil and Water Aspects of Natural Resource Management 
Research in the CGIAR conclude that promotion of more widespread use of sustainable SWNM 
management systems requires adoption of new research approaches. A new research paradigm 
that would permit synthesis of critical technical, institutional and policy aspects to achieve real 
impact is being called for. It is clear that this is a time of change in direction. This review 
offers us the opportunity to discuss the major issues involved and we look forward to the future 
as both a challenge and an exciting opportunity. 
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Fig. 1. Number of full time internationally recruited scientists (IRS), nationally 
recruited scientists (NRS) and scientists of special projects (others) illvolved in 
SWNM research at ICRISAT Asia Center, India. 
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8 p- Africa-Core -A- Africa-Others 0 Africa-total 
Fig. 2. Number of fill1 time ICRISAT core scientists, scientists of other international 
institutes and special projects (others) involved in SWNM research in ICRISAT West 
and Central Africa region. 
Page #16 
Fig. 3. Total n ~ ~ m b e r  of scierltists involved i n  SWNM sescnrcll :I[ ICRISAT Asia 
Center, India and ICRISAT West and Cents:~I Africa. 
RAINFALL CLIMATOLOGY STUDIES 
S.M. Virmani and M.V.K. Sivakumar 
Introduction 
Soil, water and nutrient management research in the context of the sustainable use of natural 
resources commenced in the Farming Systems Research Program in 1973 soon after the 
establishment of the institute. The goals of this research are to design technologies that lead to 
consistently sustainable agricultural production in the seasonally dry tropics, especially for small 
farmers of limited means. Because the applicability of improved food production technology 
varies with the natural resource endowments, our research efforts in the area of 
agroclirnatological studies have focused on the development of principles, concepts, and 
methodologies that are transferable and have a broad application. The agroclimatology research 
at ICRISAT has aimed to: 
describe and classify the agronomically relevant features of the soil and climatic resources 
of the SAT; 
identify the physical and biological processes that largely determine crop performance in 
the various agroclimates of the SAT, and establish basic principles that describe these 
processes; 
develop in collaboration with interdisciplinary teams of scientists production practices and 
systems of farming that will result in improved, sustainable food production by optimum 
utilization of the SAT'S natural resources; and 
* determine regional research priorities by execution of simulation and modelling studies 
based on climatic, soil, and cropping systems data. 
This research has been conducted at ICRISAT Asia Center, at several locations in West Africa, 
and at collaborating benchmark locations in several NARS. Specific agroclimatic factors 
influencing crop yields and their interactions often require interdisciplinary investigations with 
programs in ICRISAT and with scientists from national and international organizations. 
Agroclimatology Studies 
The distinctive characteristics of the tropical environment have a major influence on the 
distribution of natural endowments: soils and climate. Tropical regions are well supplied with 
radiant energy, however, due to the temperature regimes and orographic influences, a variety of 
rainfall patterns are produced. Variations in the timing and amount of precipitation are generally 
the key factors influencing agricultural production possibilities. 
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The effect of differences in rainfall on the availability of moisture in tropical agriculture is 
especially great because of its loss due to rapid evaporation and transpiration. As a result of 
consistently high temperatures during the year, the rate of evaporation is high. The agricultural 
value of rainfall varies with the climatic factors that influence the return of moisture to the air 
by evapotranspiration. Since plants absorb water from the rhizosphere, water retention and 
release characteristics of soils are important. Therefore, in determining the agricultural potential 
of any semi-arid area, quantification of the rainfall (timing, amount and durations), soil (hydraulic 
characteristics infiltration, moisture characteristics, hydraulic conductivity function) and 
evapotranspiration characteristics is of fundamental importance. Given the variability of the 
semi-arid tropical environment, such measurements also help in the delineation of the potentially 
most rewarding areas for agricultural research. 
Climatic characteristics of SAT environments 
The semi-arid tropics are characterized by a high climatic water demand. The mean annual 
temperature is > 18" and rainfall exceeds evapotranspiration for 2-4.5 tnonths in the dry semi- 
arid tropics and 4.5-7 months in the wet/dry semi-arid tropics. High rates of evaporation coupled 
with the limitations imposed by rainfall distribution pose particular problems for sustainable 
agriculture. In the SAT, rainfall is markedly seasonal in character and so it greatly limits water 
availability during the dry season of the year. These temporal variations have a ~nnrked influence 
on length of growing season and hence on crop growth and development. Apart from the 
temporal variations, spatial variations in rainfall make regional crop planning a technically 
challenging proposition. 
The need for a more efficient and effective system of natural resource management is greatest 
in West Africa since this is the o~t ly  region of the world where the pa. cupitu food production 
has declined over the past two decades while the ratio of food imports to total food consumption 
has increased. Therc are n~arked differences in the rainfall, soils and other agroecological factors 
between different climatic zones i n  West Africa, not to mention the socioeconomic environment. 
The low and highly variable rainfall, and the high dernand for water imposed by the high 
temperatures and radiation throughout the year cause large variability in crop yields from year 
to year. Such varied environments necessitate the developlnent of a range of solutions and 
general concepts for the management of resources. 
Temporal variations in rainfall 
The semi-arid tropics exhibit considerable variability in rainfall from season to season and year 
to year. For example, the mean annual rainfall at Hyderabad is highly erratic (CV = 27%). The 
data of the last 15 years presented in Table 1 show that the rainfall could vary from as much as 
558 lnrn in 1985 to as high as 1265 rnm in 1995. The variability is true not only annually but 
also seasonally. The rainfall distribution shows that seasonal rainfall is erratically distributed. 
For example in 1995, October was the wettest rnonth whereas in 1986, it was driest month. In 
1988, August received the highest amount of rainfall whereas in 1985 it was the driest. 
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Temporal variations in rainfall are quite common in West Africa as well, and can be represented 
at three time scales: annual, monthly, and daily. The coefficient of variation of annual rainfall 
ranges between 15-30%. For example the variation in mean annual rainfall at Banfora in Burkina 
Faso over the last 64 years (Fig. 4) is about 25%. Although the mean annual rainfall at Banfora 
is 1148 mm, since 1968 rainfall has been below normal; in 1983 it was only 480 mm. 
The variability in the monthly rainfall is larger since the rainfall is usually limited to the summer 
months of May to October. Aridity prevails during the rest of the year and is most pronounced 
from December to February. Large differences exist between the maxirnurn, average and 
minimum monthly rainfall. Mean rainfall is always higher than the median. 
Rainfall variability is greatest in comparisons between specific days. Our analysis of the 
generalized characteristics of daily rainfall for four locations in the Sudano-Sahelian zone showed 
that the number of rainy days as well as the average rainfall per rainy day increase from May 
to a maximum by August. Differences in the average duration between the rainy days of 
different locations show that at low rainfall locations such as Hambori (Mali) and Niamey (Niger) 
the risk to crop establishment in June is higher. At Kolda (Senegal), where the rains begin late, 
duration between rainy days in May is similar to that at Harnbori. 
Spatial variability of rainfall 
Rainfall in the semi-arid regions is characterized by a high spatial variability. Spatial variability 
using monthly means for West Africa has been studied by Nicholson (1980) who used 
correlations between individual stations to derive rainfall anomaly types. A systematic network 
of rain gauges is not often available to monitor the spatial variability of single rain storms in 
West Africa. In order to study this aspect, we installed 17 raingauges on a 400 m grid over the 
500 ha research center at ISC. Data from the rain gauges were plotted after each rain storm, 
and maps were made showing the spatial variability of rainfall. At IAC, over 50 raingauges 
have been operated for the last 20 years on a 1400 ha area. On any one day the rainfall during 
the rainy season has varied from 0 to over 100 mm within a distance of 800 m; however over 
the season the rainfall totals varied f 5%. 
Analysis of the data collected during 1986 and 1987 at ISC showed that the average relative 
variability of individual rain storms, defined as the percentage deviation from the mean, varied 
from 2 to 62%, while the variability over the rainy season was 17% (Sivakumar and Hatfield, 
1990). Storm volume showed a large influence on the correlation decay with distance. Point 
rainfall measurements were better correlated with the network average rainfall than with the 
rainfall recorded at the meteorological station. 
Spatial variation in the climatic environment is illustrated by comparing the rainfall and potential 
evapotranspiration of 4 SAT areas. These four locations are: Bamako, Niamey, Dakar, and 
Hyderabad. Some generalized characteristics of these locations are presented in Table 2. Figure 
5 depicts the spatial variation in the rainfall and PE characteristics of the SAT environment. 
Bamako appears to be the most favorable with almost four months in a year when water supply 
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could meet the potential requirement. Dakar is at the other end of the picture with only two 
months when rainfall could satisfy the potential demand of water. Niamey also presents a 
similar situation. Hyderabad is intermediate between the two with three months in a year that 
meet the water demand situation. 
The potential evapotranspiration curves in Fig. 5 shows some interesting patterns. At Hyderabad 
the curve shows typical low values beginning January peaking to high values around May-June 
and culminating in low PE values by November-December. This pattern is typical of the 
locations situated away from the equator, the high values of PE coinciding with the hot summer 
and low values with the cool winter periods. Bamako, Niamey and Dakar situated closer to the 
equator than Hyderabad do not exhibit such large fluctuations. A good example is the pattern 
shown by Dakar. Bamako shows a sudden dip during July-September mainly because of cloudy 
skies and rain. The PE values are low on those days which have some amount of rainfall. 
Persistency and extreme magnitude of variability 
The rainfall variability discussed above leads to instability for sustainable crop production. The 
recent drought i n  the Sahel is not unique. Annual rainfall deviations from the mean at Niamey 
for the past 80 years indicated that droughts occurred between 1910 and 1920, 1940 and 1950, 
1968 and 1973, and 1976 and 1984. The 1950s were generally wet (Sivakurnar, 1986). Severe, 
extended droughts are a recurrent feature in the region but the 1960-80 drought around Niamey 
was unique in its persistence, Rainfall deviations 20-40% below the mean were corntiion. In 
1950, rainfall all over West Africa was above nonnal, up to even 2.5 folds above normal in some 
locations. However in 1970, rainfall was below nonnal througliout tlie region. 111 Asia, the 
annual rainfall has been normal ( f l  SD) over the past 30 years. 
Further, the rainfall fluctuations in the SAT are associated with a certain geographic pattern. For 
example, the reduction i n  the mean annual rainfall in Niger after 1969 is characteristic of the 
entire country (Sivakumar, 1989). Pre- and post-1969 rainfall averages were used to examine 
the effect of the post-1969 droughts on the long-term averages of rainfall. The southward 
movement of rainfall isohyets after 1969 was evidence of the severity of droughts facing tlie 
country. Around 16" N, the region that received an average annual rainfall of 550 lnln before 
1969 received only 400 mm after 1969. These patterns indicate that abnorrnal rainfall conditions 
are nearly continental in scale. 
Rainfall Probabilities 
Decadal or weekly precipitation totals for a long period of time are available for numerous 
locations in the Sudano-Salielian zone and in Asia and could be analyzed by fitting the most 
appropriate mathematical function to rainfall data, when computing the probabilities of receiving 
a certain amount of rainfall e.g., 10, 20, 30 mm etc. 
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Weekly precipitation totals can be analyzed using first order Markov chain for the probability of 
receiving a certain amount of precipitation-for example 5, 10, and 20 mm. The program used 
for the computation of initial and conditional probabilities is listed by Sivakurnar et al. (1979). 
Results are reported for the initial probabilities of a wet week, P(W); conditional probabilities 
of a wet week following a wet week, P(W/W); and of a wet week following a dry week, P(W/D). 
A discussion of the fonnulae employed in the calculation of these probabilities has been 
presented by Virrnani et al. (1978). 
Constant precipitation analysis has been carried out for those stations with rainfall records 
exceeding 15 years to cover 100 locations in India and about 300 locations in West Africa. 
Results of the constant precipitation analysis are presented for 77 locations of Niger in the 
ICRISAT information Bulletin 5 'Rainfall Climatology of West Africa: Niger' and for 78 
locations of India in an enlarged second edition of the ICRISAT Research Bulletin No. 1, 
'Rainfall Probability Estimates for Selected Locations of Semi-Arid India'. 
Application of Probability Analysis for Defining Moisture Environment of a 
Location 
Discussion of some of the methodologies and approaches that have been adopted at ICRISAT 
for investigation of climatic water availability is given below, taking the Hyderabad and West 
Africa regions as examples. In Hyderabad the ratio of mean rainfall to potential 
evapotranspiration shows that rainfall could meet about 55% of the evaporative demand in the 
month of June, whereas in the subsequent rainy months, rainfill adequately meets the demand 
(0.85-1.37). August and September show a positive moisture balance. In the postrainy season, 
rainfall is not adequate to meet potential demand (Table 3). 
Probabilities of receiving rainfall 2 10 mm during each decade for several locations in Niger 
show clearly the differences in the onset of rains from north to south (Sivakurnar et al. 1993). 
Rainfall probabilities could be effectively used to show the seasonal progression of rainfall 
dependability thereby providing a useful means to differentiate locations. At Hambori (Mali) 
the probabilities do not reach the dependable level of 75% until after decade 19 while at Ouaga- 
dougou (Burkina Faso) located further south, this occurs 40 days earlier by decade 15. Such 
large differences in the probabilities between these two locations are however, not observed 
towards the end of the season. 
The mean monthly rainfall data do not yield information on the dependability of precipitation to 
meet potential demand. Hargreaves (1975) has defined dependable precipitation (PD) as the 
amount of rainfall which could be received at 75% probability. It is evident that the dependable 
precipitation amounts are much lower than the mean rainfall received at Hyderabad, and so one 
must consider dependable precipitation rather than mean rainfall. The moisture availability 
index--defined as the ratio of dependable precipitation to mean rainfall-shows that adequate 
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moisture is available for the rainy months of July, August, and September at Hyderabad. These 
analyses, however, do not give information on the continuity or breaks in rainfall and its 
adequacy to meet crop demand on a short-term basis. 
Probabilities of rainfall at Hyderabad as a function of time during the year are plotted in Fig. 6 .  
It is seen that in the dry months of January to June there is little chance of receiving rainfall that 
would be adequate to satisfy at least a third of the potential demand. But starting from the last 
week of June, these probabilities exceed the 70% level. Figure 6 also shows that the onset of 
rainfall at Hyderabad is abrupt and that there is also a continuity in the rainfall once the rains 
begin. It also shows another interesting feature in that rainfall that rneets at least one-third of 
the potential demand are fairly adequate throughout the months of July and September. In 
August however, drought may be encountered in about 40% of the years. After October these 
probabilities again start declining due to recession of monsoon rains. Using these probabilities, 
Virmani et al. (1978) showed that differences in the performance of a given cropping system at 
Hyderabad and Solapur during the rainy season could be interpreted in terms of the initial and 
conditional probabilities of rainfall. 
This methodology of rainfall probabilities could also be used to demarcate the risk associated 
with dry seeding of rainy season crops in  the SAT. Dry seeding is an important component of 
the improved technology for deep Venisols (Srivastava et ul. 1982). The dry seeding period for 
rainy season crops will be a couple of weeks before of the onset of seasonal rainfall which is 
abrupt at Hyderabad and tlie probabilities of continuance of rain are high. Therefore, Hyderabad 
offers excellent scope for dry seeding. At locations such as Solapur, the onset of rains is not 
marked and the chances of continuity of rains after onset is not high. Such locations therefore 
pose a risk to dry seeding. Based on rainfall probability analysis of more than 90 stations in 
India, the areas offering possibilities of dry seeding on Vertisols have been tnapped (Binswanger 
et 01. 1980). Again the n~ethodology is to use the dependability of precipitation and soil moisture 
storage. It appears that one could distinguish very easily the risk associated with dry seeding 
possibilities at different locations in the Venisols spread over large areas in India. For example, 
tlie technology for dry seeding of crops generated at ICRISAT Center could be transferred with 
a fair degree of success to Akola, Jabalpur, Indore, and Udaipur, whereas at Solapur, Dharwar, 
Jalgaon, and Ahmedabad the likely success of dry seeding is low due to the high risk associated 
with it. 
Date of onset of rains and length of growing season in West Africa bear a strong relationship. 
The date of the first rains in the Sahel is important in planning agricultural operations, 
particularly sowing. Sivakumar (1988) computed the dates of the first and last rains and the 
length of the growing season for each year from data base for 58 locations in the 
Sudano-Sahelian zone. A highly significant relationship was observed between the date of onset 
of rains and the length of the growing season across the southern Sahelian zone from which the 
potential length of the growing season can be assessed with reference to the date of onset of 
rains. Early onset of rains, relative to the computed mean date of onset for a given location, 
results in a longer growing season. This is illustrated in Table 4 for Niamey, Niger (data base 
1904-1984). The average date of onset of rains at Niamey is computed as 12 Jun, and the 
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average length of the growing season is 94 days. However, if the onset of rains occurs early ie., 
by 19 May, there is a 49% probability that the growing season will exceed 130 days. On the 
other hand, if the rains are delayed until the end of June, there is only a 11% probability that the 
growing season will exceed 110 days. 
Using the methodologies of agroclimatic analyses developed at ICRISAT we analyzed rainfall 
data and prepared reports on the exploitation of the relationship between the onset of rains and 
the length of the growing season in Senegal (Gueye and Sivakumar, 1992), Burkina Faso (Some 
and Sivakumar 1994) and Mali (Tekete and Sivakurnar 1995). In other parts of the semi-arid 
tropical world several reports using ICRISAT methodologies on rainfall analysis have appeared. 
As examples, Vorasoot et al. (1985) conducted studies on the rainfall analysis for the Northeast 
Thailand; Patil and Kale (1988) reported weekly rainfall probabilities of selected places in 
scarcity zone of Maharashtra; Wagnew et al. (1987) conducted analysis of agroclimatic data of 
ILCA stations in Ethiopia; Weerasinghe (1988) studied agroclimatology of Sri Lanka; and Shekh 
(1988) carried out an extensive analysis of the agroclimate of Gujarat. In Ethiopia where a 
substantial area of Vertisols exist and where potential for the application of the Vertisols 
technology developed by ICRISAT is great, Regassa et al. (1987) conducted an agroclimatic 
survey of selected locations of Vertisol areas to establish their potential and problems for 
adopting a double cropping technology. Several other agroclimatological studies have been 
conducted at ICRISAT by Scientists from the NARS. Some of these are, Mvula et (11. (1988) 
for Zambia; May et al. (1981) for Magarinin area of Kenya; Kannangara (1988) for dry zone of 
Sri Lanka; and Rivera (1988) for Marin region of Mexico. 
In field trials conducted at ISC, Sivakumar (1990) showed that in years with an early onset of 
rains, the long growing season could be exploited by growing a relay crop of millet and cowpea. 
Relay cropping avoids the competitive effects inherent in intercropping systems, while offering 
the additional advantages of rotating cereals with legumes (Sivakumar, 1993). 
Empirical Analysis of Dry Spells for Agricultural Applications in West Africa 
Recurring droughts and decreased agricultural productivity in West Africa during the last two 
decades point to the need for a clearer understanding of the length of dry spells, their frequencies 
and probabilities (Sivakumar, 1992). The simplest calculations of dry spells for general 
applications involves computation of the probabilities of maximum and conditional dry spells 
exceeding a user specified threshold value from a given calendar date. For more precise 
applications in agriculture, it is important to consider the different periods after sowing a crop 
since sowing dates in the semi-arid West African regions vary from year to year. 
Assuming that the computed date for the beginning of rains in each year is also the date of 
sowing, the length of dry spells (or days until next day with rainfall greater than a threshold 
value) at different probability levels can be computed for consecutive 10-day periods from 
sowing (Sivakumar, 1991a). Data on dry spell lengths could also be used as a guide for breeding 
varieties that have maturity durations that fit the climatic characteristics of different locations. 
An example of this application is shown in Fig. 7 for Niamey, Niger (mean annual rainfall 560 
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mrn), Kaolack, Senegal (800 mm), Ouagadougou, Burkina Faso (830 mm) and Bougouni, Mali 
(1260 mm). At Niamey, the length of dry spells increased at periods beyond 90 DAS. Kaolack 
and Ouagadougou, with nearly similar mean annual rainfall, show some differences in the lengths 
of dry spells. Dry spells become progressively longer at periods beyond 90 DAS at Kaolack and 
at periods treater than 120 DAS at Ouagadougou. Breeding strategies should be oriented towards 
maturity at 80 days for Niamey, 90 days for Kaolack, 110 days for Ouagadougou and 140 days 
for Bougouni. 
Sivakurnar (1991a) presented the length of dry spells and their frequencies for 150 locations in 
West Africa. Analysis of drought occurrence showed that the frequencies of the lowest dry spell 
of < 5 days increase asymptotically with increasing annual rainfall and with dry spells > 20 days, 
the frequencies decrease sharply with increasing mean annual rainfall. 
Stochastic Modelling Using the Water Balance Approach 
One other important component that affects length of the growing season is the water holding 
capacity of the soils. The average pattern of changes in profile moisture on a weekly basis in 
three typical soils of Hyderabad region is shown in Fig. 8. These curves are based on rainfall 
records from 1901 through 1970. From water-balance analysis carried out according to 
methodology developed by CSIRO (Keig and McAlpine 1974), it is apparent that in shallow 
Alfisols, there is very little soil moisture storage for crop use over extended drought periods. In 
deep Alfisols and medium Vertic Soils, there is a fair degree of storage for extended periods 
during the growing season. Thus, under identical rainfall conditions, the effects of short-term 
intra-seasonal droughts on crop-moisture status will differ in the three soil types. The amount 
of water lost as runoff would also differ, and the potential benefits derived from supple~nental 
applications of water would vary with the soil type. It is apparent that a long-duration crop in 
a soil with 50 mm available water-storage capacity will be exposed to soil-moisture inadequacy 
at several growth stages, but on the other hand if the soil-moisture storage capacity were 150 or 
300 mm, the risks of water deficiency are much less. Thus one might select for shallow soils 
a drought-hardy crop (e.g., castor Ricitt~ts con~mrulis), whereas i n  deeper or heavier soils a crop 
with medium sensitivity to drought (such as pigeonpea, Cuju~lrts cujutl) would be suitable. 
Similarly one could fit in other short- and medium-duration crops. Effects of changes in seeding 
dates and the influence of different phenological characteristics on crop perfoni~ance could also 
be assessed as a first approximation in such analyses. 
The real-time rainfall data collected through the large network of rain gauges that exists in the 
Sudano-Sahelian zone need to be adequately exploited in estimating soil moisture for crop growth 
by employing geostatistical and GIs approaches. 
Currently, several water balance models with varying flexibilities of input data requirements, 
computer processing time and output data features are available and these n~odels hould be used 
in determining soil water available during the growing season using real time weather data. A 
comparison of these data with crop water requirements at different growth stages should facilitate 
the choice of a suitable crop or cropping system for a given location. Examples of the use of 
this approach have been given by Virrnani et al. (1978) and Sivakurnar and Faustin (1987). An 
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atlas of length of growing season for 232 locations of India has been assembled by Virmani 
(1991). 
Climate Change Research 
Recurrent droughts and associated famines i n  West Africa, over the past two decades, have 
caused considerable concern in the international comil~unity as to whether the agricultural 
production could be sustained in the long tenn in this region. One of the basic questions related 
to this aspect is the continuity of rainfall decline observed so far. We have analyzed the long 
term daily rainfall data for Niger to ascertain the degree of climate change, if any, that has 
occurred (Sivakumar, 1991b) for the periods 1945-64 and 1965-88. Variations in the average 
dates of beginning and ending of rains and the length of the growing season for the two periods 
for the selected locations in Niger showed that after 1965, the onset of rains was delayed at most 
of the stations with the exception of Agadez, Birni N'Konni, Gaya and Tanout. The result of 
the delayed onset and early ending of rains at most of the stations is the reduced length of the 
growing season, by 5-20 days across different locations in Niger, after 1965. Also, the standard 
deviation of the onset and ending of rains as well as the length of the growing season has 
increased for the period after 1965. The implication is that cropping has become increasingly 
risky. All the stations with the exception of Gaya showed a significant decline in total rainfall 
in August. Nine of the 12 locations studied also registered a significant decline in the number 
of rainy days in August. Implications of these changes for agriculture in  Niger were discussed 
by Sivakumar (1991b). 
In India on the other hand the general trend of annual rainfall shows no significant change. For 
an example, the annual rainfall at Hyderabad mostly shows a variation within f 1 SD of annual 
rainfall. It is too early to say anything definite on the climate change in this SAT region but the 
recent wend points to a higher variability (Fig. 9).  
Rainfall and Population Dynamics of Pests 
After the 1968-72 droughts which resulted in severe food shortages, the Sahel received abundant 
rains which were accompanied by severe pest outbreaks. Pearl millet was devastated by 
infestations of the earhead caterpillar (Raghuva albipunctella De Joannis). 
Raghlrva diapauses in the pupal stage. The prepupal sixth instar larvae crawl from the panicle, 
fall to the ground, and penetrate into the soil. Pupation occurs 2-3 days later. The majority of 
pupae are located in the top 10-25 cm soil layer. In collaboration with the millet entomology 
scientists at ISC. we monitored the population dynamics of Raghuva and studied the relationships 
between rainfall, soil physical parameters, diapause and subsequent adult emergence during 
1983-86 (Nwanze and Sivakumar, 1990). 
We found majority of the diapausing pupae (51%) at 10-20 cm of soil depth. The onset and 
continuity of rains, favorable soil moisture, and temperature conditions were key factors in 
diapause termination, duration of post-diapause development and adult emergence. The number 
of surviving pupae was closely associated with changes in soil temperature and moisture at 
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different depths from November to May. Moth emergence from the soil usually started 40-50 
days after the first 15-25 mm of rain. Panicle damage is highly dependent upon the date of 
sowing, crop phenology or maturity cycle and the synchronization between cultivar panicle 
exertion and adult moth emergence. These studies underline the importance of a knowledge of 
interactions between the physical and biological environments of insect pests and their hosts. 
They emphasize the need for collection of minimum data sets over several years in order to 
quantify the major factors required for models of agroecosystems that are essential for designing 
pest management programs. 
Crop-Weather Modelling 
In recent years, crop models have advanced from restricted academic exercises to tools with wide 
applications in agriculture. Crop Environment Resource Evaluation Systems (CERES) models, 
for example, aim at predicting the yield of any genotype, in any soil, at any location, and in any 
weather. 
In 1982, an international group of agricultural and systems scientists rnet at ICRISAT to define 
the minimum data set required to sirnulate crop growth and development. The aim was to 
develop a solid foundation for research dealing with the soil-plant-atmosphere continuum, and 
to encourage strong links between scientists who study the biophysical and socioeconon~ic 
components of the agroecosystem. The scope of work was limited to 10 food crops, including 
four cereals (maize, rice, sorghum, and wheat) three grain legumes (dry beans, groundnut, and 
soybean), and three root crops (aroid, cassava, and potato). Barley and pearl millet were later 
added to tlle list. 
The conference participants wrote two reports. The first Mirtintum Datu Sefs for Agrotechr~ology 
Tratlsfer, was published by ICRISAT, and the second, Ex~~er.imo~ral Desigr~ a t ~ d  Data Collectiori 
Procedures: tile mit1it7lum data serfor sysfcrlrs ur~alysis o r~d  crop siniulofiot~, was publislled by 
IBSNAT. Tlle latter publication has been revised twice, and continues to serve as a guide for 
designing field experiments to validate models. Subsequently, the group decided there was a 
need to standardize the input and output fonnat of existing crop models so that they all accessed 
a cornmon database and application program. This eventually led to a plan to combine the 
database, crop models, and application programs into a Decision Support System for 
Agrotechnology Transfer (DSSAT). 
ICRISAT has used DSSAT because it enables users to easily access soil, weather, and crop 
databases, crop models, and application programs to evaluate alternative strategies to attain 
desired outcomes. It was developed through the combined efforts of scientists from Inany 
countries, and international and regional agricultural research centers. DSSAT is still being 
developed and users can expect it to become more versatile and reliable in the years ahead. To 
do so, DSSAT needs continued input from current and new collaborators so that the existing 
global knowledge base can be captured, organized, and retrieved for solving site and situation- 
specific problems (Virmani et al. 1989). 
ICRISAT agroclimatologists have cooperated with a number of groups in validating crop models. 
The groups are: 
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Texas A&M University - Blackland Research Station. Validation and rewriting of some 
subroutines of SORGF and Sorkam models. 
Michigan State University. Development and validation of CERES Sorghum and Millet 
models. 
International Fertilizer Development Center. Validation of N and P subroutines in CERES 
sorghum. 
University of Florida - Gainesville. Validation of PNUTGRO model. 
IBSNAT, University of Hawaii. Database development systems for crop modelling. 
ICRISAT scientists have developed following models: 
RESCAP: a general crop model based on process of resource capture. 
PGNPGRO: Pigeonpea growth and development model based on SOYGRO frame. 
CHIKPGRO: a chickpea crop model based on PNUTGRO. 
One of ICRISAT's mandates is to identify constraints to agricultural development in the semi- 
arid tropics and evaluate means of alleviating them. Another is to assist in the development and 
transfer of technology by sponsoring workshops, conferences, and training programs. Therefore, 
ICRISAT has in cooperation with ICAR, SAUs, WMO, US universities, NARS, IBSNAT and 
IFDC, hosted several training workshops on crop modelling. 
The aim of these activities has been to familiarize and train agricultural researchers in the 
principles and operational aspects of research on rainfall climatology and crop modelling, and 
obtain feedback about the potential and limitations of current models. 
Cooperation 
All the meteorological data used by ICRISAT scientists is obtained from the national 
meteorological services and from the World Meteorological Organization (WMO). Cooperation 
with these services and allied institutions (national soils bureau's, USDA, FA0  etc.) has been an 
integral part of our research planning. In Asia we have worked intimately with the India 
Meteorological Department and with Central Research Institute for Dryiand Agriculture 
(CRIDA). Agroclimatic Resource characterization has been the main area of cooperative research 
and training. 
Since ISC is a Regional Center, we conduct our research in cooperation with national and 
regional programs located in West Africa. As in Asia, we have strong links with the National 
Meteorological Services of Niger, Burkina Faso, Mali and Senegal in the area of collection and 
analysis of agroclimatological data. We have supplied historical data that we computerized to 
these national programs. In addition, we assisted these programs by implementing programs for 
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data analysis on their computers. We have conducted a training workshop in collaboration with 
WMO for agrometeorologists in West Africa in 1985. Another training workshop on the 
"Preparation of Practical Agroclirnatic Information" for the West African agrometeorologists was 
scheduled for October 1991. In addition, we have also received agro~neteorologists from the 
Sahelian countries for short periods of 6-8 weeks for training in agrometeorological data 
collection and data analysis. 
Our collaboration with the National Meteorological Services of Niger has extended to several 
areas such as data collection and analysis, training, and conduct of joint seminars and workshops. 
We participate regularly in their pilot projects with farmers. We have assisted INRAN (Institut 
National de Recherche Agronomique du Niger) in monitoring the spatial variability of rainfall 
at five of their principal research stations in Niger. In addition we routinely supply them with 
climatic data from the automatic weather stations at Bengou and Maradi. We have also provided 
training to several students from the University of Niamey and AGRHYMET. 
Future Plans 
The agenda for agrocli~natological research at ICRISAT would be driven by the vision of CGIAR 
on sustainable agriculture and would complement the TAC's initiatives on natural resource 
management. We propose the work for an integrating framework of international climate-related 
research that encompass ecoregional activities envisaged in the Integrated Systems Projects (ISPs 
1-4). The mission of rainfall climatology research would evaluate, explain, and predict in 
collaboration with other scientific groups how soil, water and nutrient resources respond to 
management practices, natural climatic variations/change, and to identify practices which sustain 
SAT agr-icultural productivity in ICRISAT's production systems framework. 
The agenda will be developed along four ~nain thrusts: 
1. Observe macro- and micro-climatic features in different SAT production systelns at the 
ICRISAT research centers and at selected benchmark NARS stations for the assessment of 
long- and short-tenn effects of management factors on soil water and nutrient changes in 
different production systelns; 
2. Participate i n  interdisciplinary assessments of seasonal changes in soil water and water use 
by crops in response to different land use practices; 
3. Provide rainfall cli~natology related information to a wide range of partner 
projects/institutions for activities related to sustainable agriculture research and development; 
and 
4. Involve institutes of learning in advancing new frontiers in tropical climate science through 
modelling research to predict weather impacts on sustained productivity of semi-arid tropical 
lands (eg. APSRU Group). 
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Table 2. Climatic characteristics of 4 selected SAT locations. 
Location 
Bamako 
(Mali) 
Niamey 
(Niger) 
Dakar 
(Senegal) 
Hyderabad 
(India) 
Latitude Longitude 
12" 38' N 08" 02' W 
Mean annual 
rainfall 
(mm) 
Potential 
evapotranspi 
ration (mm) 
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Table 3. Rainfall, PE, and MA1 at Ilyderabad (1940-1970). 
Mean Dependable 
rainfall R Mean PE Precipita- 
Month (mm) (mm> W E "  tion (mm)a M A I ~  
Jan 
Feb 
Mar 
Apr 
May 
Jun 
Jul 
Aug 
Sep 
Oct 
Nov 
Dec 
'At 75% probability, also referred to as PD 
bMoisture Availability Index = PDPE 
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Table 4. Date of onset of rainy season and probabilities of length of growing 
season at Niamey. 
Date of Growing season length (days) 
onset of 
rains 90 110 130 150 
19 May 
29 May 
8 J u n e  
18 J u n e  
28 J u n e  
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Fig. 4. Annual rainfall variation at Banfon,  Burkina Faso. 
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Month 
Fig. 5. Rainfall and potential evapotranspiration ;it four locations in  the semi-arid 
tropics. 
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Hyderabad 
(17.22' N, 78.29 E) 
Standard Week 
Fig. 6 .  Weekly rainfall probabilities at Hyderabad, India. 
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Days after sowing 
Jours apris semis 
Fig. 7. Lengrh of dry spells for 10 lnln rainfall threshold at 90% probability for four 
locations in west Africa. 
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Weeks 0 4 8 12 16 20 24 28 32 36 40 44  48 52 
+High AWC : Deep Vertisols 
* ~ ~ d .  AWC : Deep Alfisols/Med. Vertisols 
- Low AWC : Shhllow Alfisols 
200 1 
Fig. 8. Variations in soil profile moisti~re on a weekly basis in three typical soils of 
Hyderibud region. 
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Years 
tl SD 
Mean 
-1 SD 
Fig. 9. Annu;il rainfall v:iriation at Hyderabad, India. 
SOIL BIOLOGICAL, CHEMICAL, AND PHYSICAL 
CHARACTERIZATION 
K.B. Laryea, M.V.K. Sivakuniar, K.K. Lee, A. Bationo and M.C. Klaij 
Introduction 
Soil characterization indicates the status of a particular soil property at a particular time and 
provides baseline information for comparison among imposed treatments. Soil is a dynamic 
system. Therefore, soil properties, particularly the biological ones, change over time. 
Consequently, the use of soil information at different time periods must be done carefully. At 
ICRISAT, most measurements aimed at characterizing soils have been taken as part of research 
experiments in order to facilitate interpretation of results. An exception however, was the soil 
survey of ICRISAT farms at IAC (Murthy and Swindale, 1993) and at Niamey (West et al. 1984) 
where various soil series were characterized. Before 1983, the major characteristics of Alfisols 
and Vertisols at IAC, and the sandy Alfisols (sandy, siliceous, iso-hyperthermic Psammentic 
Paleustalj) at ICRISAT Sahelian Center (ISC) had been determined and that for IAC reported 
by El-Swoify er al. (1985). This review covers soil surveys and characterization at ICRISAT Asia 
Center OAC) and the West African Semi-Arid Tropics (WASAT). It also covers soil biological, 
chemical, and physical characterization done as part of experiments at IAC and ISC after 1985. 
Soil Characterization 
Soil Surveys and Characterization at IAC and WASAT 
In our preliminary efforts to delineate research domains for West Africa using the Geographic 
Information system (GIs), we estimated the total area under semi-arid tropics in West Africa to 
be 218 m ha (Sivakumar, 1993). Areas covered under different soil types in WASAT are given 
in Table 5 which shows that Luvisols cover 72 m ha, followed by Arenosols (37 m ha), Lithosols 
(29 m ha), Regosols (24 m ha), Fluvisols (13 m ha), and Vertisols (13 m ha). Relative 
importance of these soils in the WASAT varies with the length of the growing period (LGP). The 
area covered under different soil types for each of the four LGP zones in the WASAT is shown 
in Table 6. In the shorter LGP zone of 75-100 days, Arenosols covering 25 m ha are the most 
important soils followed by Luvisols (5 m ha). For the other three LGP zones, Luvisols are the 
most dominant soils followed by Regosols, Arenosols, Nitosols and Vertisols. 
During the period under review, the experimental farms at IAC, its Type Area (i.e., area located 
between 17" 25' to 17" 40' N latitude and 78" 05' to 78" 20' E longitude) and at ISC, were 
mapped, characterized, and classified to know their extent for effective transfer of agro- 
technology developed at ICRISAT to similar soils. The work at IAC was a cooperative project 
between ICRISAT and the National Bureau of Soil Survey and Land Use Planning (NBSS and 
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LUP) in India. That at ISC was a cooperative project between ICRISAT and the Texas A&M 
University Systeflrop Soils. Also, in cooperation with the World Soil Resources Program of 
the Soil Conservation Service of the United States Department of Agriculture (USDA), we 
characterized the soils at ICRISAT Center in India and ICRISAT research sites in Niger, Nigeria, 
Mali, Zimbabwe, Malawi and Kenya. We also characterized the research sites of Institut 
Nationale de Recherche Agronomique du Niger (INRAN) and Institut Econornie Rurale (IER), 
Mali where collaborative vials are conducted with ICRISAT. Characterization of these research 
sites has facilitated agrotechnology transfer of research findings from one location to another, as 
it allows better understanding and interpretation of the experimental results. 
During 27 Apr-12 May 1990, soils were sampled at INRAN Research Stations in Kolo, Tara, 
Bengou, Bimi N'Konni, Maradi, (all in Niger), ICRISAT Research Station, Bagauda, Nigeria, 
IAR Research Station, Kadawa, Nigeria, ICRISAT Research Station at Satnanko, Mali, and IER 
Research Station at Cinzana, Mali. Soils were sampled during 7-20 May 1994 at the Bunda 
College of Agriculture, Chitedze Research Station, Chitala Research Station, Kasinthula Research 
Station, (all in Malawi), Matopos Research Station, Lucydale Research Station, (all in 
Zimbabwe), University of Nairobi Experimental Farm, Agricultural Experimental Station in 
Alupe, Agricultural Experimental Station in Kampi ya Mawe, and Agricultural Experimental 
Station, Kiboku, (all in Kenya). An exaniple of the outputs from these soil characterization 
activities is presented in Appendix I. 
There are six soil series occurring at ICRISAT fann at IAC. Two of tlie~n belong to the Alfisol 
order and the remaining four to the Vertisols. The Alfisols are Lingampalli series (fine-loamy, 
mixed, isohyperther~nic family of Lirllic Rlrodlcstalfs) and Patancheru series (clayey-skeletal, 
mixed, isohyperther~nic fanlily of Udic Rhodusrulfs). The soil series belonging to the Vertisol 
order are Icri (fine, n1ontmorillo11itic, isohyperthennic family of Par~ulithic Vcr.ric Usrrol~epts) 
Kasireddipalli (very fine niontmorillonitic, isohyperthennic faniily of Typic Pellusrel.rs), Manmool 
(fine, montmorillonitic, isol~ypenhermic faniily of Fhcvettric U S ~ I ~ O ~ I ~ ~ I ~ S ) ,  and Yanlkunta (fine, 
mixed, isohyperther~nic family of Vrrtic Haluqlc~prs). Of these soils, Patancheru series (covering 
248 ha or 18% of the fann area) and Kasireddipalli (occupying 552 ha or 40% of the area) are 
dominant. Tables 7 and 8 present the soil characteristics of these two series. Characteristics of 
the others are presented in Murthy and Swindale (1993). 
There are five soil series at the ISC research farm, These are Dayobu series (coated, 
isohypenhennic family of Ustowic Quul~tiipsat7i1~ie~), Gagani series (loan~y, siliceous, shallow, 
isohypenhennic family of Petroferric Haplltst~tlr ), Labuclleri (sandy, siliceous, isohyperthennic 
family of Psantnierttic Pulewtalf), Tondi (sandy, siliceous, isohyperther~nic family of Petrofcrric 
Huplusrulr), and Zogoti (sandy, siliceous, isohypenhermic family of Psamntetltic Puleustolf). Of 
these, the Labuclleri series (on 1-5% slopes) cover 418 ha or 84% of the fann area. The soil 
profile of this series is dominated by sand (88-91%). They are acidic (pH in water of 4.9 to 5.8), 
have low organic carbon content (<0.3%), and low cation exchange capacity (<2 cmol kg") 
(Table 9). 
Biological Characterization 
Soil biological characterization was mostly made to obtain biological properties of experi~l~ental 
sites or base measurements that will enable different experimental treatments to be compared. 
Soil fauna 
We compared earthworn1 biomass from an Alfisol under natural vegetation and that from a 
cultivated soil in RM 19B at IAC. Three species of earthworms were identified and collected 
from the natural vegetation area. These were Octochoetot~a philloti (Michaelson), Lanpito 
mauritti (Kinberg), and Octortochaeta rosea (Stephenson), Of these only 0. pltilloti and L. 
Marrritti were identified and collected from RMl9B. The average monthly biomass of earthworms 
in the Alfisol under natural vegetation (76 g m-') was several fold larger than that fro111 plots that 
had undergone different managements in RM19B. The difference between the earthworm biomass 
in the soil under natural vegetation and the plots depended on the type of management the soil 
had undergone. For example, the earthworm biomass in zero-tilled bare treatments was 29 times 
less than that in the plots under Styl~sarrrhcs hamata treatment which in turn was four times less 
than the soil under natural vegetation. 
Arthropods identified in the Alfisols under cultivation and the natural vegetation area included 
Acarirza (e.g., Mesostigmated tzutc, Protigmatid ~ ~ u t e ,  and Actigntcitcri trlrle), Collembola (e.g., 
Isotomids, E,ldon~obrids, Sntinthuride, Hypogastrat~ls, and Onychilwide), and a miscellaneous 
group (e.g., Formiciciue, Dermaptera, Coleoptcru, Orthopteru, Thysurroptera, Psocoptera, and 
Lapidoptera). 
Soil flora 
Soil microbial biomass is a living fraction of soil organic matter. It is an important sourcelsink 
for plant nutrients and can prevent leaching of plant nutrients. We used the dry season microbial 
biomass from an Alfisol and a Vertisol natural vegetation areas as yardsticks to compare dry 
season microbial biomass from an Alfisol and a Vertisol that have been under cultivation for 
some years. The Vertisol under natural vegetation had larger microbial biomass than the Alfisol 
under natural vegetation. Also, the microbial biomass from the cultivated Vertisol was larger than 
that from the cultivated Alfisol. The microbial biomass from natural vegetation areas was larger 
than that from cultivated areas. We infer that V~I-tisols have more microbial biomass than 
Alfisols and that soil under natural vegetation contains more microbial biomass than cultivated 
fields. 
We studied the levels of mycorrhizal spores in four locations at IAC. At Akola and Solapur, 
Vertisols on research stations contained less vesicular-arbuscular mycorrhiza (VAM) spores than 
those on farmers' fields. Vertisals from fanners' fields at Akola contained 58 spores g'l 
co~npared with 45 gml from research station. At Solapur, Vertisols from farmers' fields contained 
16 spores g-' compared with 9 g" from that on research station. These differences were not 
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observed in Alfisols at Bijapur and Kovilpatti. Comparison of soil samples from the research 
stations indicated that Akola soils contained the maximum VAM spores (45 g") while soils at 
ICRISAT farm had the least number of spores (4 g"). 
Grain legumes (e.g., groundnut (Arachis hypogeae (L.), pigeonpea (Cojanus cajati (L.) 
Millspaugh, and green gram (Phaseolus mungo (L.) Reg. trop.) are important crops in the semi- 
arid tropics (SAT). These crops have often been found to be poorly nodulated on farmers' field 
due to low numbers of the cowpea-group of rhizobia in soil. In establishing the need for legume 
seed inoculation, we used the natural occurrence of the appropriate bacteria as an important 
diagnostic aid. We examined the nurnber and distribution of cowpea-group of rhizobia in some 
typical soils in the SAT using siratro (Macroprylium atropurpeunt) and pigeonpea as trap hosts. 
There was a large variability in Rhizobiunl numbers between sampling sites in the same field. The 
population was more consistent in Alfisols (ranging from lo4 to 3 x lo5 rhizobia g*' soil) than 
in Vertisols (0 to lo6 rhizobia g" soil) and decreased with depth (Kumar Rao et al. 1982). In 
paddy fields, the numbers were very low, generally < lo2 rhizobia g" soil. In many rice-growing 
areas in India, it is common practice to grow legume after the main paddy crop if water is 
limiting. Therefore, if pigeonpea or other members of the cowpea inoculant group of legumes are 
planted after a paddy crop, it may be necessary to inoculate to ensure adequate nodulation. 
Chernical Characterization 
In collaboration with the International Fertilizer Development Center (IFDC), a range of soils in 
the Sudano-Sahelian zone of WASAT were collected and analyzed at ISC. One striking feature 
of the Sudano-Sahelian soils is their low organic matter content, low total nitrogen content, and 
low effective cation exchange capacity (Table 10). The main source of nitrogen is organic matter 
(OM). Therefore the natural low level of organic matter in these soils reflects the low total 
nitrogen contents. The accumulation of organic nlatter in West Africa is highly related to rainfall 
and the arnount of total nitrogen (TN, ppm) in the soil was found to relate to the arnount of 
annual rainfall (R, mm). 
The low cation exchange capacity (CEC) of Sudano-Sahelian soils is due to their low organic 
matter content, low clay content, and their dominant clay mineral (kaolinite). The effective 
cation exchange capacity (ECEC) was found to correlate better with OM (r = 0.85) than with clay 
content (r = 0.39) and demonstrates that most of the colloidal materials in these soils are from 
organic sources. 
Phosphorus (P) deficiency is a major cause of low crop yields in tile Sudano-Sahelian zone. The 
low contents of both total and available P (Table 10) may be due to several factors. These 
factors include: 
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puent materials consisting of granites, sandstones and eolian sands which cover the continental 
terminal and have low mineral reserves; 
* low levels of organically-bound phosphorus which is a consequence of the low organic matter 
content; 
inadequate nutrient cycling due to the removal of grain and biomass from the fields. 
The P sorption maxima calculated using the Langmuir equation ranged from 27 to 406 mg P kg". 
These relative low values show that the soils have a very low capacity to immobilize (fix) added 
phosphorus. It also indicates that additions of small quantities of P fertilizers will generally 
satisfy both the crop and soil needs. Using multiple regression to investigate the contributions 
of various soil parameters on the availability of P (Bray PI ,  ppm), the following model was 
developed: 
Bray P1 = 0.09 (total P (ppm)) -0.02 (adsorption maxima (ppm)); (r = 0.97) 
Total native P and the capacity of the soils to fix P are the factors responsible for P availability 
to plants. The native total P alone explains 92% of the variation of the available P. As the 
native P contents are very low, P deficiency is regarded as the primary constraint to crop 
production in these sandy soils. 
We developed a regression model relating maximum P sorbed (MPS, ppm) to percentage clay 
(PC), Cmol kg-' of exchangeable acidity (EA) and total P (TP, ppm) : 
MPS = 1.91 t 13.25 cl t 247.04 EA + 2.28 TP (? = 0.98) 
Exchangeable acidity alone explains 48% of the variation of maximum P sorbed and when soil 
clay content is added to the model, a total of 71% of the variation in maximum P sorbed is 
explained. 
Chemical Variability in Sandy Ustalfs 
Extreme variability in millet stands over a very short distance (2 to 20 m) poses a major 
constraint to grain production in the Sahelian region. We initiated a study to characterize and 
examine chemical properties of associated productive and unproductive soils at ISC. Soil samples 
were taken at 26 sites along a 15 m transect between a productive and an unproductive region 
in a field of Labucheri soil series. Unproductive soils were associated with low pH (<4.5), high 
A1 plus H saturation of the cation exchange sites, and decreased amounts of exchangeable K, Ca, 
and Mg when compared with productive sites (Table 11). These chemical properties may result 
in A1 or Mn toxicity or deficiencies of K, Ca, Mg, and P and appear to account for the variability 
that existed in the millet stands (Scott-Wendt et al. 1988). 
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Physical Characterization 
Hydraulic properties of some soils in Niger 
In the WASAT, where rainfall variability is often large, plant available water is an important 
determinant of crop yields. Characterization of soil hydraulic properties is important for using 
models to estimate drainage, a component of the water balance which is often ignored. We 
collected soil samples from four different soil types in Niger, viz., a sand, a loamy sandy, a sandy 
loam and a loam, and determined the soil n~oisture characteristic [I+@)] curves. Saturated 
hydraulic conductivity (&) was also measured. The K,  values were used together with the ~ ( 8 )  
curves to calculate hydraulic conductivity as a function of water content [K(8)]. These hydraulic 
properties were then used in a simulation model to estimate drainage. Our studies showed that 
the drainage component can be significant, especially for the sandy soils (Sivakumar et 01. 1990). 
We also detennined the ~ ( 0 )  and the K(0) relatio~iships of Labucheri soil series as base data for 
our long-tenn factorial experiment that examined the effects of +/- fertilizer, +/- crop residues, 
tillage (i.e., no-till, ridging, and plowing), and cultivars (local versus improved millet cultivars). 
Figure 10 presents the base data for ~ ( 0 )  and the K(0) for the Labucl~eri soil series that was used 
in the long-term managelnent experiments and also for lnodelling the seasonal water balance of 
pearl millet grown on that soil at ISC (Hoog~noed and Klaij, 1990; Klaij and Vachaud, 1992). 
Physical characteristics of Vertic Inceptisols at IAC 
About 35 million ha of black soils in India and about 30  nill lion ha in Africa are classified as 
Vertic Inceptisols. These soils are generally characterized by tlieir shallow depth to the weathered 
parent material (murmln) and the presence of many coarse fragments (stones) on the surface and 
within the soil profile. We determilled the ~nain soil physical properties of two profiles on the 
Venic Inceptisols at the IAC as part of our studies on the water balance of sunflower (Heliu~lrhlrs 
onr,uus (L.)) grown on this soil. The variability in physical properties within this soil group is 
shown by the contrast between the two profiles in terms of texture trends with depth (Table 13). 
The presence of coarse fragments reduced the bulk density and hence increased the total porosity 
of the coarse fragment-free soil. The estimated porosity of 52-60 per cent for the soil between 
the coarse fragments at 25-70 cm depth suggests that it is a loosely packed porous matrix. We 
detennined the K(0) fur~ction for this soil using the instantaneous profile method and obtained 
the following regression equations (ICRISAT, 1988) for the depths 15, 30, 75, and 120 cm: 
Log (K,,) = 29.2ol5 - 17.5; (? = 0.997; rse = 0.048) 
Log (K,,) = 50.20,, - 13.3; (f = 0.996; rse = 0.049) 
Log (K,,) = 87.88,, - 22.7; (? = 0.997; rse = 0.050) 
Log (K,,,) = 98.00,,, - 32.3; (? = 0.915; rse = 0.274) 
Its unsaturated hydraulic conductivities ranged from 10 '~  to lo-* In s" for various horizons of the 
profile (compare with that for a coarse sandy soil of 104 to lu5) and were greater in the subsoil 
than the surface soil indicating that the zone of restriction to water movernetit is the topsoil. It 
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also confirmed our field observations over several years that the Vertic Inceptisols have good 
internal drainage. 
Because Vertic Inceptisols in India are used generally to grow such rainy-season crops as castor 
(Ricitjus commw~is) and sunflower, we characterized its properties and related them to the root 
development of castor. Soil around four 'large' and four 'small' plants of mature castor (cv 
Aruna) was drenched with water for 12 h and drained. The soil was excavated, physical and 
chemical properties of three horizons, and plant measurements (i.e., plant height, shoot mass, root 
length, and root mass) taken. The soil horizons were (i) the surface layer, the lower boundary of 
which ranged from 15 to 45 cm (referred to as the A horizon), (ii) a calcareous layer of strongly 
weathered material, often with coarse fragments and having a lower boundary ranging from 40-70 
cm (C, horizon), and (iii) a less calcareous layer of weathered parent material (C, horizon). There 
were significant differences (P < 0.01 based on LSD test) between the A and C, horizons in the 
soil properties (Table 14). Properties of the C , and C , horizons were similar except for cation 
exchange capacity which was significantly higher in C, (P < 0.05 based on LSD test) than in C, 
(ICRISAT, 1990). 
The rootlshoot ratio was not significantly different for large and small plants (Table 15). Root 
length per unit root mass and per unit shoot mass was significantly higher (P < 0.05) for small 
plants. This suggests that small plants used relatively more assimilates to increase root length 
rather root diameter. Our observations on root niorphology in relation to soil depth showed that 
(i) near or in the surface of the C, horizon or near coarse fragments associated with it, many 
roots ended, branched, changed direction abruptly (including growing horizontally), were either 
constricted or deformed; (ii) most roots penetrating the C, horizon to 50 cm grew deeper than 
100 cm. These observations indicate that impediments in or near the C, horizon (where bulk 
density was 1.54 Mg ma, shear strength was 26.3 kPa, and penetrometer resistance was 2.65 
MPa), restrict root growth (ICRISAT, 1990). 
Variability of saturated hydraulic conductivity in Alfisols 
Saturated hydraulic conductivity (&) has important implications in irrigation and drainage 
systems design, infiltration, hydrology and general water balance modelling. Its determination in- 
situ is tedious, time consuming, expensive and requires training. When we initiated measurements 
of soil hydraulic properties on Alfisols, we observed considerable variation in & within short 
distances. Because most Alfisols vary spatially in physical properties, it is often tenuous to use 
point-measured physical parameters to model large-scale hydrologic processes. Therefore, either 
a large number of determinations have to be made (and this is very expensive) or a way has to 
be found to coalesce the variable measurements so that the resultant functional relationship can 
be mathematically described. Scaling methods that employ the similar media concepts allow 
seemingly scattered measurements to be coalesced. The problem, however, is that scaling factors 
need to be determined. Their determination involves having to measure that physical parameter. 
We hypothesized that scaling hydraulic conductivity using scaling factors calculated from easily 
measured soil properties (e.g., particle size) is possible and will facilitate hydrologic 
characterization of Alfisol. Scaling factors were calculated, using Y, sand pore-volume, clay 
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pore-volume, clay content, and effective porosity determined on 109 undisturbed monoliths. We 
found that K, of gravelly Alfisol can be reasonably scaled from clay pore-volume, clay content, 
or sand pore-volume if coarse fragments (particles > 2 mm) are discounted. (Bonsu and Laryea, 
1989). 
Variability of penetration resistance in Alfisols 
Penetration resistance has been used successfully to study the increase in strength as hardsetting 
soils dry. However, when we initiated similar studies on Alfisols at the IAC, considerable 
variation in penetration resistance was observed within short distances. We were concerned that 
this large variability will make it difficult to accurately predict or model the effect of soil strength 
on root growth and subsequently on crop growth on the experimental plot. We therefore 
characterized the spatial variability in penetration resistance of this plot using geostatistical 
techniques which among other comparisons, allowed us to examine the spatial structure of the 
field and also to estimate values of penetration over the experimental plot by punctual kriging. 
Figure 11 shows the contour maps of estimated values of penetration resistance of an 
experimental field at IAC. Generally, the north and the north-west part of the field had greater 
penetration resistance than the southern part (Ley and Laryea, 1994) . This pattern was more 
evident in the dry soil (Fig. 1 la) than in the same soil that had been wetted to saturation and left 
to drain for two days (Fig. 11 b). 
Characterizing rainfall erosivity and erodibility on very gentle slopes 
The potential erosiveness of rainfall depends on the detachment of soil particles by raindrop 
impact and the ability of surface runoff to erode soil. Actual erosion however, would depend to 
a large extent on the interaction between rainfall erosivity on one hand and on the other hand 
on soil erodibility, slope steepness, slope length, and crop cover. We have used the cornrnonly 
used index of rainfall erosivity, EI,,, [the product of total rainfall energy (E), and the maximum 
30-minute intensity (I,,)], to obtain the erosiveness of rainfall at IAC during 1980 to 1994. Over 
80 per cent of seasonal rainfall erosiveness at IAC during 1980-1994 came from rainfall amounts 
> 12.7 rntn (Table 16). Most erosive rainfalls occurred during the season (June to October). 
Annual rainfall erosivity ranged frorn 2490 to 10133 MJ mm ha" h" y" on the Vertisol and 2946 
to 10064 MJ mm ha" h" y" on the Alfisol. 
Most farm lands in the semi-arid tropics of India are on very gentle slopes (c 3 per cent). 
Nomograms based on the Universal Soil Loss Equation (USLE) developed in the USA for 
estimating the topographical factor (i.e., slope length factor (L) and slope steepness factor (S)) 
were based on 22.1-m length and 9 per cent slope. We characterized the topographical factor of 
the USLE using three slope lengths (viz., 11 m, 22 m, and 44 m) and four slopes (viz,, 0.4,0.8, 
1.6, and 2.0 per cent). We obtained a linear relationship for the plot of soil loss (A) versus LS 
which we regressed to get for the Alfisol, 
A = 7.362 LS - 0.7391; = 0.790, s.e (coeff) = 0.7914 
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and for the Vertisol, 
A = 15.403 LS - 1.9717; ? = 0.877, s.e. (coeff) = 1.1533 
Cooperation with NARS and International Agencies 
Organic matter plays an important role in most soil chemical, biological, and physical processes. 
Compared with temperate soils, the organic matter content of most tropical soils is low because 
of the high rates of organic matter decomposition in the tropics. Very few studies have measured 
these rates in Alfisols and Vertisols in the semi-arid tropics. In cooperation with GTZ and the 
University of Hamburg, Germany, we measured rates of organic matter (groundnut haulm) 
decomposition in both Alfisols and Vertisols. Residual C14 percentage (RC) as a function of time 
(t, in weeks) was fitted to a power function of the form, 
RC = mt" 
where m and n are fitted parameters. With the Alfisol, m = 53 and n = -8.4 with an ? = 0.97, 
while the Vertisol had, m = 81, n = -12.2 and = 0.99 (Singer et ul.  1991). Decomposition was 
fastest shortly after addition of fresh organic matter to the soil at the beginning of each rainy 
season. Thereafter, organic matter deco~nposition rate declined. Decolnposition was faster on 
Alfisols than on Vertisols. We attribute the faster rate of decomposition on Alfisols to its lower 
clay content than Vertisol, implying less protection of organic material against microbial 
decomposition. We also observed seasonal effects on organic matter decomposition. For 
example, losses for the Alfisol and Vertisol during the first week after addition in 1990 were 30 
and 17 per cent, colnpared with 43 and 27 per cent in 1989. The higher rates in 1989 were 
associated with more rain , i.e., 861 mm (mid-June to December) compared to 588 mm in 1990. 
In both 1989 and 1990, the mean minimum and maximum temperatures in each year were 29°C 
and 2g°C.The groundnut haulln had a C:N ration of 33, compared to the usual range of 80-120 
for cereals. 
The behavior of vesicular-arbuscular mycorrhizae (VAM) in Alfisols and Vertisols in the SAT 
is not well understood. Understanding VAM behavior in these soil will provide strategies for 
managing soil nutrients particularly P. In collaboration with the University of Dundee, United 
Kingdom, we studied the establishment and manipulation of indigenous and applied VAM in an 
Alfisol and a Vertisol. Field experiments were conducted with sorghum cultivar CSH 11 and 
pearl millet cultivar ICMV 88907. Rock phosphate (17 kg P ha-'), urea (60 kg N ha.'), and rice 
straw (4 t ha.') were used either singly or in combination, as treatments to enhance VAM growth. 
Each treatment was inoculated with either Glomlis clurlim imported from the UK or an 
indigenous VAM. Initial indigenous VAM spore count showed that the Alfisol contained three 
times as many spores as the Vertisol. In the Alfisol, neither the total biomass nor grain yield of 
sorghum in any treatment increased as a result of G. clarum inoculation. In the Vertisol, however, 
both total biomass and grain yield increased in all treatments. 
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In collaboration with the University of Reading, we characterized P in Vertisols and Alfisols at 
the IAC using j2p to discriminate between the P already in the soil and that added. We measured 
the amounts of exchangeable, nonexchangeable, and total adsorbed P simultaneously in each soil 
by equilibrating the soil samples after adding 11 rates of P (as KH,PO,, ranging from 0 to 170 
mg P kg-' soil) in 0.01 M CaCl,. The process was repeated for second desorption. For each soil, 
the relationships between phosphate in solution (C) and (i) exchangeable phosphate (PC) and (ii) 
total adsorbed phosphate (P,) were described by the Freundlich isotherm: 
where, a is the amount of the adsorbed P and b is the buffer capacity. Parameters a, and b e  for 
exchangeable phosphate, and a, and b, for total adsorbed phosphate were calculated using an 
iterative method. Coniparison of fitted parameters (Table 12) showed that there was no significant 
difference between a, and a,, or between b, and b, so that the fitted isotherms for total adsorbed 
and exchangeable P were identical, confirming that all the adsorbed P remained exchangeable 
both in the Vertisol and in the Alfisol (ICRISAT, 1989). The parameters a, and b e  were larger 
for the Vertisol than for the Alfisol. Exchangeable and adsorbed P calculated for three C values 
with a wide concentration range, indicate that Vertisols adsorbed more P than Alfisols at all 
concentrations (Table 12). 
Pearl millet population on far~iiers' fields in West Africa is often low. In fields with low plant 
population, most of the rainfall is often lost as direct evaporation from the soil. Conventional 
methods of estimating crop-water use in such sparsely populated fields can be inaccurate. We 
therefore collaborated with the Institute of Hydrology to characterize the evaporation process 
from a sparse dryland pearl millet crop at the ISC in 1985. A number of techniques for 
~neasuring soil evaporation was assessed on a 4-ha field of pearl  nill let. Total evaporation was 
measured using two "Hydras" (micro-meteorological devices designed at the Institute of 
Hydrology). Our measurements indicated that on a wet day (17 lnln of rain had fallen two days 
earlier), transpiration was o~ily 0.9 nxn while soil evaporation was 2.1 Inn, indicating the 
important contribution that direct soil evaporation can make on days following rain. The total 
evaporation calculated as tile sum of transpiration and soil evaporation was 3.0 lnln and this 
agreed very well with that measured with Hydra MK2 (2.9 mm). Soil evaporation then decreased 
rapidly as the soil dried, so that 5 days later, only 0.2 lnln of water was lost directly from the 
soil while transpiration remained at 0.9 Inn1 (ICKISAT, 1986). 
Future Plans 
Most of the future research activities relating to soil characterization are included in the 
Integrated Systems Projects (ISPs). In ISP 1, subproject 2 (activity 2a) aims to improve the 
management of nutrient arid water resources in pearl millet-based cropping systenis in Asia and 
West Africa. To achieve this aim, the activities in this subproject include monitoring farmers' 
current soil nutrient and water management practices, documenting how these are changing, 
identifying constraints and opportunities for improved management options, and use both on- 
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station and on-farm research data to better understand the water and nutrient dynamics of pearl 
millet-based production systems. The outputs for this research activity will include 
characterization of the soil and climatic resources at selected benchmark sites in Asia and West 
Africa, a report detailing opportunities and constraints for improved soil fertility and soil water 
management strategies in pearl millet-based cropping systems, and an evaluation of farmers' 
perceptions of improved soil and water management options. In quantifying tree-crop-livestock 
interactions under this project (Subproject 3, activity 2), information will be required on the 
chemical and physical properties of soils adjacent to windbreaks and below trees (e.g., Prosopis 
citleria (Khejdi), Tecomella undrrlata (Rohida), Vitellnria parclosa (Karite) or Parkia biglobosa 
(Nere) in parklands. Further, to achieve objective 1 of subproject 5 of this project (i.e., 
development of better understanding of the causes, extent, severity, and processes of land 
degradation in traditional crop, tree, and livestock production systems in the desert margins of 
Asia and West Africa), there will be the need to characterize the soil biological, chemical, and 
physical properties. 
In ISP 2, the approach is to determine the extent of transferability of results from bench mark 
sites to regions within a research domain by characterizing the production system. The research 
domain is defined in ISP 2 as a homogeneous "ecoregions" where relevance of strategic research 
is expected to be pervasive throughout the area that the domain covers. Characterization of the 
production system is a multi-disciplinary activity that includes activities such as (a) collection 
and verification of available climate, soil, economic, and production databases to assess the 
agroecological potential and for targeting future research in Asia and West Africa; (b) 
quantitative description of important cropping/livestock systems and assessment of the major 
socioeconomic, biotic, and abiotic constraints to sustainable production in Asia and West Africa. 
Some of the outputs expected from this research are a well defined research domain, and GIS- 
compatible soil and climatic databases for the relevant production systems that can be used for 
extrapolation of results. 
In ISP 3, crop intensification through double cropping the soils in the research domain with high 
profile water storage capacity is envisaged. The initial research need is to characterize the natural 
resource base, delineate potentially suitable areas, and identify constraints to and opportunities 
for double cropping. We will also embark on characterization of the socioeconomic and natural 
resources across a continuum from sandy Alfisols (Psamments) to those containing slightly more 
clay in West and Central Africa (WCA) and from shallow vertic soils to Vertisols (and associated 
Alfisols) in Asia. This activity will enable the identification of benchmark sites for collaborative 
research. 
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Table 5. Area ('000 ha) under different soil 
types in West African Semi-Arid Tropics. 
Soil type Area 
Luvisols 
Arenosols 
Lithosols 
Regosols 
Fluvisols 
Vertisols 
Nitosols 
Gleysols 
Acrisols 
Cambisols 
Planosols 
Solonetz 
Solonchaks 
Ferralsols 
Phaeoze~ns 
Total 217830 
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Table 7. Patancheru Soil Series. 
Classification : Udic Rhoduslalf 
Horizon Depth (cm) Size class and p,uticlc diarnctcr (mrn) Coarsc Organic PH E.C. Water retention 
fngmcnls Carbon (1:2.5) (1:2.5) 
Sand Silt Clay > 2 mm (lo) H2O H,O 113-bar 15-bar 
2.0- 0.02- <O.al2 (% of (%I (%) 
0.02 0.002 wholc soil) 
Depth Extnctablc bases CEC Base Ratio Clay fraction mineralogy (%) Sand fraction minerology (%) 
NH,O satu- CEC: 
Ac mtion Clay 
('70) 
Ca Mg Na K Sum Am KK MI SM QZ QZ FDM FE HE FDP Others 
M = Amphibole; KK = Kaolinite; MI = Mica; SM = Smectitc; QZ = Quartz; FDM = Feldspar - microcline; FDP = Feldspar - plagioclase; HE = Haematite; FE = Magnetite. 
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(Table 9 Contd..) 
Lab NO. ORGN pH pH --.-...-.-..-.- NH 4 OAC EXQ Bases .-.--- . .--.- KC1 NAOAC ECEC BASE ESP EXTR 
C (H20) (O.1N EXTR CEC SAT FE 
% KO) CA MG NA K Total AL 
(Contd..) 
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(Table 9 Contd..) 
Lab No. Bulk density Cole Water content 
crn/crn 
0.10 Bar Air dry 0.10 Bar 15 Bar WRD 
Source: West et a / .  (1984) 
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Table 10. Ranges, means, and standard deviation of selected physical and chemical properties of soils in the 
West Africa Semi-Arid Tropics. 
Parameters Range Mcan St'mdard 
deviation 
pH H,O (2: 1 water : soil) 
pIi KC1 (2: 1 KC1 : soil) 
Clay (%) 
Sand (90) 
Organic muter (%) 
Total nilrogen (rng kg") 
Exchangeable bases (crnol kg'') 
Ca 
Mg 
K 
Na 
Exchangeable acidity (cmol kg-') 
Effective cation exchange capacity (ECEC, crnol kg") 
Base saturation (%) 
Al saturation (%) 
Total P (mg P kg") 
Bray1 P (rng P kg") 
P Adsorption maxima (mg P kg") 
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Table 11. Selected chemic~l  properties of soils taken from the surface 15 cm of soil taken along a transect from an unproductive to a productive region. 
Extrcmc Site No. Position PH F.x- ECEC Al+H 
m Cn ME K Na A 1 +H cmol (+)/kg Sal'n 
--.-.------------------------------- cmol(+)/lcg ................................. (96) 
Unproduc!ivc 1 0.0 4.4 0.43 0.04 0.08 0.04 0 .66 1.25 53 
soil 2 0.6 4.5 0.52 0.05 0.08 0.03 0 .61 1.29 47 
3 1.2 4.6 0.45 0.06 0.08 0.02 0 .64 1.24 52 
4 1.8 4.5 0.56 0.07 0.09 0.03 0 .56 1.30 43 
5 2.4 4.5 0.4 1 0.05 0.08 0.02 0 .61 1.16 53 
6 3.0 4.5 0.42 0.05 0.07 0.01 0 .62 1.17 53 
7 3.7 4.7 0.47 0.05 0.07 0.02 0.60 1.20 50 
8 4.3 4.7 0.42 0.05 0.08 0.02 0 .59 1.16 5 1 
9 4.9 5 .O 0.46 0.06 0.08 0.02 0 .50 1.12 45 
10 5.5 5 .O 0.62 0.10 0.07 0.03 0 .43 1.24 35 
11 6.1 5 .O 0.56 0.07 0.08 0.02 0 .41 1.14 36 
12 6.7 5.1 0.56 0.08 0.08 0.02 0 .42 1.16 36 
13 7.3 5.2 0.53 0.08 0.09 0.02 0 .42 1.14 37 
14 7 9 5.6 0.66 0.09 0.10 0.0 1 0 .24 1.09 22 
15 8.5 5.9 0.68 0.13 0.11 0.05 0 .23 1.19 19 
16 9.1 6.0 0.8 1 0.1 1 0.12 0.02 0 .I8 1.25 14 
17 9.8 6.2 0.75 0.1 1 0.12 0.02 0 .13 1.12 12 
18 10.4 6.0 0.94 0.12 0.09 0.03 0 .15 1.33 11 
19 11.0 5.9 0.64 0.11 0.12 0.01 0 .16 1.04 15 
20 11.6 6.3 0.74 0.13 0.17 0.01 0 .12 1.17 10 
21 12.2 6.5 0.86 0.14 0.44 0.01 0 .I1 1.55 7 
22 12.8 6.3 0.90 0.14 0.23 0.01 0 .I1 1.39 8 
23 13.4 6.5 0.89 0.15 0.16 0.02 0 .14 1.35 10 
24 14.0 6.0 0.85 0.14 0.16 0.02 0 .I1 1.28 9 
Productive 25' 14.6 7.6 1.66 0.17 0.20 0.01 0 .05 2.09 2 
Productive 26' 15.2 7.7 4.82 0.29 0.23 0.02 0.00 5.36 0 
Blowin% sand - 6.5 0.76 0.1 I 0.12 0.03 0.09 1.1 1 8 
These soils had free calcium salts, and thcrcfore thc amount of calcium cxtnctcd is not rcprcsentative of. and gives elevated values for, the exchangeable calcium 
. ---- 
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Table 12. Fitted parameters for Freundlich isotherms describing relationships of exchangeable P and total 
adsorbed P with solution concentration (mg L1) and computed amounts of exchangeable and total P at 
different solution P concentrations after adsorption of phosphate for an A l h o l  and a Vertisol. 
Exchangeable P a, SE b, S E Solution P concentration 
(mg kg.') (mg L.9 
0.05 0.2 1.0 
Alfisol 56.4 f0.89 21.2 f 1.06 0.99 18.3 30.8 56.4 
Vertisol 108.3 f 1.03 54.3 k1.53 0.99 24.1 48.3 108.3 
Total adsorbed P a, SE bt SE i 
(mg k g 9  
Vertisol 110.2 f1.09 52.51 f1.53 0.99 26.4 51.2 110.2 
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Table 13. Sand, silt, and clay content and texture distribution in two Vertic Inceptisol profiles, ICRISAT Center, 1986. 
Soil depth Profile I Tes turelclass Profile I1 TextureJclass 
(cm) Sand Silt Clay 
(%I (%I 
Sand Silt Clay 
(%I (%I (%I 
40 Clay 
36 Sandy clay 
31 Sandy clay loam 
30 Sandy clay loam 
29 Sandy clay loam 
26 Sandy clay loam 
21 Sandy clay loam 
18 Sandy loam 
14 Sandy loam 
14 Sandy loam 
Clay 
Clay 
Clay 
Sandy clay loam 
Clay 
Clay 
Clay 
1. Samples not taken 
Page # 51 
Table 14. Properties of soil horizons found during excavation of castor root systems on a 
Vertic Inceptisol, ICRTSAT Center, March 1987. 
Properties (mean values) Horizon 
Bulk density (gm ~ m ' ~ )  1.37 1.54 1.54 f0.02 
Water (% by weight) 22.9 16.7 18.7 f 0.7 
Shear strength (kPa) 10.8 26.3 23.1 f 1.8 
Penetrometer resistance (MPa) 0.91 2.65 2.33 f0.18 
Gravel >2 mm (5%) 23.7 36.9 30.6 f 1.8 
Coarse sand (%) 24.4 38.5 32.2 f1.8 
Fine sand (96) 23.8 19.6 25.7 f 1.37 
Silt (%) 16.5 15.2 17.1 f 0.69 
Clay (%) 35.3 26.7 25.0 f 1.5 
PH 8.1 8.4 8.4 fO.l 
Electrical conductivity (dS cm-') 0.151 0.1 14 0.113 f 0.005 
Carbonate CaCO, (%) 3.4 17.4 11.5 21.9 
CEC1 (meqI100 g of soil) 22.4 20.9 25.9 f 1.0 
1. CEC = Cation Exchange Capacity 
Source: ICRISAT (1990) 
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Table 15. Above-ground and below-ground components for large and small mature castor 
plants on a Vertic Inceptisol, ICRISAT Center, March 1987. 
Plant components 
(mean values) 
Large plants Small plants 
Plant height (m) 
Shoot mass2 (g) 
Root length3 (m) 
Root mass (g) 
Root masslshoot mass 
(g g-I) 
Root lengthhoot mass 
(cm g") 
Root lengthlshoot 111ass 
(cm g-'1 
1. Figures in parentheses are standard errors 
2. Oven dried 
3. Roots of diameter > 2 rnln 
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Table 16. Rainfall erosivity El, for IAC during 1980-1994. 
Soil Year Seasonal Annual El,, for % of 
El,, rainfall seasonal 
MJ.mm M J m m  >12 .7mm El,,from 
ha-' h-I ha'' h‘l y.l (June- rainfall 
October) > 12.7 
Vertisol 1980 5792 5915 5320 91.84 
1981 9015 9660 8635 95.78 
1994 5109 5198 4635 90.72 
Alfisol 1980 5887 6057 5556 94.37 
1981 943 1 10064 8759 92.87 
1982 3063 3329 2733 89.23 
Appendix 1. Charactmlut lon of Soils of ICRISAT R w a r c h  Station, Bagauda, Sigcria. 
Location: Bagau l .  Nigeria 
PEDON 9W 759. SAMPLES 90P4424-4430 
PEDON CLASSIFlCATION: FINE-LOAMY OVER SANDY OR SANDY-SKELETAL. MIXED. ISOHYPERTHERMIC FLUVENTIC UMBRIC DYSTROCHREYT 
PARTICLE SIZE DISIRIBUTlON 
(.-..--.-.-.TOTAL -...-...) (..CLAY-.) (-------SILT--- ----) (-...---------...--SAND .....----.--------.---) (COARSE FRACTIONS) (>2 MM) 
<----------Weight > wT 
SAMPLE DEF'Ill IlORlZON CLAY SILT SAND FINE FINE COARS VF F M C VC 2-5 5-20 20-75 .I-75 PCT OF 
No. (CM) 
<0.002 0.002 0.05 <0.0002 0.002- 0.02 0.05 0.10 0.25 0.5 1 
WHOLE 
SOIL 
90P443a-j 0-0 
(RATIOKLAY) (ATTERBERG) (- BULK DESSIlY -) COLE (--WATER CONTENT--) WRD 
- LIMITS - \Vl IOLE WEOLE 
SOIL SOIL 
DEPTH 
(a) 
LL PI 33 OVEN 
kPa DRY 
CEC 15 PCT <2 mm < ..---.---.--- Kg m'l ....----.. > Cm Cm-' < ...------- O F <ZMM ------.--- > Cm Cm-I 
W a  
DEPTH EXTR TOTAL (--Dll'H-ClT--) (- NH40AC EXTRACTABLE BASES -) EXTR EXTR (---------..--- CEC ----.----...) --- BASE SAT ---- 
(CM) P S EXTRACTABLE ACID- A1 
ITY 
SUM 
Fc A1 Mn G Mg Na K BASES 
SUM NIf4- BASES A1 NH4 
CATS OAC + A1 SAT SUM OAC 
SAMPLE 
Na OPT 
DEN 
A P ~  0.03 
A P ~  0.04 
Btv 1 0.03 
Btv2 0.02 
BN3 0.02 
BN4 0.02 
ACID OXALATE EX'IRACnON PHOSPHORUS 
Fe Si A1 RET 
< P C T  of < 2 m m  > 
0.17 TR 0.05 6 
0.16 TR 0.05 6 
0.09 0. M 0.03 6 
0.06 0.03 0.06 10 
0.03 0.02 0.05 6 
0.03 0.Cn 0.05 6 
KCI TOTAL ORG TOTAL Aggr. 
Mn C C N Slab. 
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NSSL Pedon Number: 90N759 
Pedon: Nigeria 1 Bagauda 
Soil S w e y  Number: S90-FN-670-00 I 
Pedon Classification: Fine-loamy over sandy or sandy-skeletal, mixed, isohyperthermic Fluventic Umbric Dystrochrept 
Location: Bagauda. Nigeria 
Cleared and leveled in Dec. 1988. Ripped to 40 cm in Jan 1989. Area is about 3 km to river but less than 10' 
Latitude: -- ' N Longitude: - - 'W 
Physiography: Playa or alluvial flat in level or undulating uplands 
MicrorelieE land leveled or smooth less than 20 cm linear on slope 8: crest 
Slope: 1% east facing Elevation: m MSL 
Water Table Depth: Permeability: Slow 
Drainage: Somewhat poorly drained Land Use: Cropland 
Stoniness: Erosion or Deposition: Severe Runofk Slow 
Particle Size Control Section: 30 to 81 cm 
Parent malerial: eolian from mixed material over alluvium 
Classificalion: Coarse-loamy over clayey, mixed, isohyperthermic Plinthustalf 
Diagnostic Horizons: 0 to 13 cm Ochric. 30 to 137 cm Argillic 
Described By: John Kimble and Maxime Levin Sample Date: 5/90 
No obvious cracks or.fractures throughout the Btv horizons. Very large rounded insect castings 5-7 cm throughout profile. When we took the monolith Ap2 
separated into 3 CO ABK blocks ans it dried and was removed from the rest of 
Apl -- o lo 13 cm: 10% grayish brown (2.5Y 512) interior and 90% light olive brown (2.5Y 514 interior dry fine sandy loam and 10% dark gravish brown (IOYR 
4/L) interior and 90% yellowish brown (IOYR 514) interior moist fine sandy loam; w e d  fine and medium subsangular blocky structure parting to weak fine and 
medium granular, extremely hard, very friable, brittle, nonsticky, nonplastic; many very fine rootss throughout: many very fine and fine tubular and many fine 
and medium tubular pores; clear smooth boundary. Matrix, chunks of harder material (see rock fragments) from ripping, rupture resistance dry; 10-25 cm 15% 
chunks of ripped cemented slightly hardened plinthite/uonstone (breaks down) 90P4425. 
Ap2 -- 13 to 30 cm: brown (IOYR 513) interior dry fine ~ n d y  loan and dark gr~vish brown (IOYR 4E) interior moist fine sandy loam: weak fine and medium 
angular blocky structure; hard, very friable, nonsticky, nonplastic; common very fine and fine mots throughout; many very fine and fine interstitial and tubular 
and common very fine and fine tubular pores; common fine irregular ironstone nodules; gradual smooth boundary. Matrix. chunks of harder material (see rock 
fragmenls) from ripping, rupture resistance Q; 10-25 cm 15% chunks of ripped cemcntcd slighly hardened plinthite/ionstone (breaks down) 90P4425. 
Btvl -- 30 to 56 cm: pale yellow (2.5Y 714) interior dry fine sandy loam and dark grayish brown (2.5Y 614) interior moist fine sandy loam; weak fine and 
medium angular blocky structure: hard, very friable, nonsticky, nonplastic: common very fine and fine roots throughout: many very fine and fine interstitial and 
tubular and common very fine and fine tubulx pores; common fine irregular ironstone nodules and common very fine and fine irregulru ironstone nodules and 
common very fine and fine irregular iron-manganese concretions; gradual wavy boundary. 90P4426. 
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Btv2 -- 56 to 86 cm; pale yellow (2.5Y 814) interior, 10% ycllow (2.5Y 816) interior and 80% yellow (2.5Y 716) interior dry sandy clay loam and 40% yellowish 
brown (IOYR 514) interior and 60% pale ycllow (2.5Y 714) interior moist sandy clay loam; weak medium and coarse subangular blocky structure; extremely hard, 
very friable, strongly ccmcntcd, slightly sticky, slightly plastic; few vcq fine roots in cracks; few very fine and fine tubular pores; common fine irregular ironstone 
nodules and few finc and mcdium roundcd iron-mangnncsc concrctions; gradual wavy boundary. 15% cstimatcd clay. 90 P4426. 
Btv3 -- 86 to 137 cm; 50% yellowish brown (IOYR 518) intcrior, 50% light gny (2.SY 712) interior dry sandy clay and 50% yellowish brown (IOYR 5/8) interior 
and 509  light gny (2.5Y 712) interior moist sandy clay; cxtremcly hard, friable, strongly cemenled, slightly sticky, slightly plastic; few very fine roots in cracks; 
few very fine and fine tubular pores; few patchy faint iron stains on faccs of peds and in pores; many fine and medium irregular plinthite segregation and common 
fine and medium irregular iron-manganese concrctions; 5 pcrccnt pcbbles limcstonc, gradual smooth boundary. 45% estimated clay; breaks in some places along 
planes with extreme pressure to fmlsbk. 90P4428. 
Btv4 -- 137 to 201 cm; 50% yellowish brown (IOYR 5/8) inlcrior, 50% light gray (2.5Y 712) interior dry sandy clay and 50% yellowish brown (10YR 5/8) interior 
and 50% light gray (2,5Y 712) interior moist sandy clay; cxlremely hard, friable, strongly cemenled, slightly sticky, slighlly plask; few vev fine tubular pores; 
many fine and mcdium irregular plinthitc segregation and few finc and medium irregular iron-manganese concretions; 45% estimated clay; breaks in some places 
along plancs with extreme prcssure lo fmlsbk. 90P4429. 
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Fig. 10. Moisture characteristic and hydraulic conductivity functions of Labucheri soil 
series. 
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(a) 
X Distance (m) 
Fig. 11. Contour maps of kriging estimates of penetration resistance at 7.5 cm depth 
on (a) 29 October 1991 and (b) 4 November 1991. The symbols (-), (-----), (.....) 
and ( -** -**- ) represent values of penetration resistance for (a) of 1.0. 1.81, 
2.42 and 3.07 MPa, respectively, and for (b) of 0.16, 0.19, 0.21 and 0.26 [log 
(MPa+l)J, respectively. 
Source: Ley and Laryea (1994). 
LAND AND WATER MANAGEMENT 
P. Pathak, K.B. Laryea, K.P.C. Rao, M.V.K. Sivakumar, K. Michels and M.C. Klaij 
The research on land and water management attempts to develop principles and techniques for 
improving rain water management for increasing and stabilizing agricultural production on farms 
in seasonally dry semi-arid tropics. Priority objectives include detennining the effectiveness of 
alternate land, water and cropping management practices in controlling the losses and maximizing 
the utilization of soil and water resources, and integrating the above with other relevant 
information for use in developing productive and conservation-effective farming systems for the 
semi-arid tropics. 
This report summarizes our relevant achievements in the area of land and water management over 
the past 11 years. Unless otherwise stated, the progress is for work performed at ICRISAT's 
research center in Patancheru. Selected data are given as illustrative examples of listed research 
achievements. 
Land Management Studies on Alfisols 
Land Surface Configurations 
Graded type configurations: In our studies on land surface configurations, we found that graded 
type raised land configuration (e.g., BBF, ridge and furrow system) does not offer any particular 
advantage over flat seed bed for cereal production on Alfisols occurring on gentle slopes (Pathak 
et al. 1987). Where supplemental imgation is a part of rainfed crop production, ridge and furrow 
system is appropriate. The performance of many of these practices have been discussed in detail 
by El-Swaify et al. (1985) and Pathak et al. (1987). 
However, for groundnut, raised land surface configurations such as broadbed and furrow has been 
found to be beneficial in increasing pod yield (RMP Annual Report, 1990 and Sujatha, 1992). 
In an experiment at ICRISAT Asia Center, using two groundnut genotypes ICGS-11 and 
ICG(FDRS)lO, grown on three land surface configurations-broadbed and furrow, 30-cm narrow 
ridge and furrow, and flat seedbed cultivation, Sujatha (1992) observed throughout the growing 
season, that the bulk density of 0-15 cm soil layer was significantly lower in BBF than in the 
narrow ridges and the flat seedbed treatments in that order. Differences in bulk density between 
treatments persisted at 30, 60, 90 and 145 days after sowing. During the growing season, the 
total porosity of the 0-15 cm soil layer was significantly greater in the BBF system than in the 
ridge and flat seedbed systems. Similar differences in penetration resistance were observed 
between the different systems. Lowest penetration resistance was recorded in the BBF system. 
Significantly higher pod yields were obtained in the BBF followed by ridge and flat seedbed 
systems (Table 17). This trend was observed in both the varieties. 
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Non-graded type surface configurations: On SAT Alfisols the options to reduce runoff are 
limited to soil amelioration, improving stubble cover or by storing excess rainfall in-situ by 
surface roughness. In most parts of SAT good stuble cover is not feasible because of the very 
high value of crop residues. Under these circumstances soil surface roughness could be an 
effective means of controlling runoff and soil loss. 
We conducted studies both under simulated and natural rainfall conditions to compare the 
performance of three surface roughness treatments : pitting, tied ridges and flat cultivation for 
their effectiveness in controlling runoff and soil loss. Analysis of 4 years (1989-91) results 
from these experiments with and without crops indicated that (Pathak & Laryea 1995) : 
Surface roughness, i.e. pittings and tied-ridges, significantly reduced runoff and soil loss 
compared with flat seedbed cultivation. Using runoff and soil loss from the flat land as a 
basis for comparison, pitting reduced seasonal runoff by 69%, and soil loss by 53% while 
runoff in the tied ridged system was reduced by 39% and soil loss by 28%. 
Pittings were more effective in reducing runoff and soil loss than tied ridges. They were also 
relatively more stilble than tied-ridges, particularly, during high-intensity rainfall and runoff 
conditions. In general, there was less number of breachings in pittings than in the tied-ridges. 
In tenns of controlling runoff and soil loss, the largest advantage of pittings over flat 
cultivation was observed during the early part of the crop-growing season. This is mainly due 
to the fact that problems of surface crusting and sealing were more during that period of the 
cropping season due to sparse vegetation and poor crop canopy. Consequently, in flat 
seedbed cultivation, a major proportion of the rain that fell during the early part of the rainy 
season on Alfisols was lost as runoff while in pittings, most of this runoff was stored in 
depressions. 
Pittings significantly increased crop yields compared with tied ridges and flat seed bed during 
the low and nonnal rainfall years. 
The stability of pittings can be greatly increased by providing a graded outlet system. During 
big storms, a graded outlet design of pittings was relatively more stable than a conventionally 
designed pittings. 
Bunds 
Earthen bunds: For Alfisols having slope more than 1.5% (Pathak et al. 1989), a modified 
contour bunding system with gated outlet was developed. This system when compared with the 
conventional designed contour bunds on watershed at ICRISAT Center, consistently produced the 
higher crop yields, while still providing adequate control on runoff and soil loss. In the modified 
contour bund system the original system is modified by installing gated outlets in the lower field 
sections, land smoothing, and planting on grade instead of on contour, which allow runoff water 
to be stored above the bund for a certain period and then released at the desired rate through the 
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gated outlet (Pathak et 01. 1987). Most of the erosional sediments are deposited so that relatively 
sediment-free water drains through the outlet and the releasing excess water considerably reduces 
waterlogging. 
Rock and earthen bunds in Burkina Faso: We conducted pilot-scale trials of a system of rock 
bunds for water harvesting in farmers' fields in Burkina Faso (ICRISAT, 1985). The bunds were 
approximately 0.3 m high and were placed about 20 m apart along the contour lines of the field. 
Our results from the researcher-managed pilot trials indicated that the bunding package can 
increase yields by more than 500 kg hae' in both zones. Average yield increases from the 
package in trials managed by fanners varied considerably and appear to be associated with total 
rainfall and runoff intensity. Table 18 suggests that particularly high yield increases may be 
obtained from the package in regions where rainfall is low but runoff is high, and where higher 
rainfall levels are combined with occasionally heavy or moderate runoff. Bunding has only a 
moderate effect on yield where moderate runoff prevails in low rainfall zones. Virtually no 
additional yields can be expected in moderate rainfall zones with infrequent or light runoff. 
We have collaborated with The Fond de I'eau et de l'equipment rural (FEER) agency to evaluate 
the short-term effects of earthen bunds for water management. Compared to the rock-bund 
systems, earthen bunds are less stable and their objective is to eliminate runoff rather than collect 
it and control its flow. 
Earthen bunds increased sorghum grain yields by 30% and pearl millet grain yields by 43%. 
Absolute increases in grain yields were highest in the central and southeastern regions of Burkina 
Faso (ICRISAT, 1985). Regression analysis showed that earthen bunds have significant positive 
effects on grain yields when combined with fertilizer and when used on fields with a steep slope 
in high rainfall areas. 
Vegetative and porous bunds: Porous and biological measures of erosion control based on the 
principle of decreasing the velocity and carrying capacity of overland flow are considered 
potential alternatives to conventional methods of erosion control. We conducted experiments for 
4 years (1990-93) in 22 In long plots on two land slopes (2.8% and 0.6%) on an Alfisol site to 
measure the effects of porous barriers viz. vetiver, lemon grass, and stone bunds on runoff and 
soil loss (Srivastava et al. 1993). 
Seasonal runoff and soil loss for 1993 are given in Table 19. It is evident from this table that 
runoff and soil loss from different treatments can be ranked in the following order : Vetiver < 
lemon grass < stone bund c control. Similar trends were obtained during earlier years 1990-92. 
Four years data clearly show that the properly established vegetative barriers are quite effective 
in reducing runoff and soil loss (ICRISAT, 1990 to 1993). 
Multiple regression analysis of 4 years rainfall-runoff data (1990-1993) was carried out to 
identify the important factors that are conmbuting to runoff in different treatments (ICRISAT, 
1993). There was a progressive decline in runoff during the first two seasons probably due to 
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progressively improved establishment of the bamers. However, runoff from lemon grass plots 
on 2.8% slope started showing an increasing trend after third year. This may be attributed to 
formation of gaps in the lemon grass hedges after third year. 
Based. on a review of hydrologic and sedimentation process and our- observations (qualitative as 
well as quantitative), the following two points emerged illustrating the importance of 
understanding of hydrologic processes in assessing the effectiveness of porous barriers and their 
management. 
As the sedimentation process causes a selective deposition of coarse particles on the upslope 
side and within the barrier strip, there is a gradual slope modification through "terracing 
effect". Also, the presence of coarse particles on soil surface improves infiltration rate in the 
sediment deposition zone. This suggests that effectiveness of porous barriers in controlling 
runoff and soil loss will increase over time provided the barriers are well-maintained. 
The waterflow at the downstream side of porous barrier usually has low sediment 
concentration because a part of the sediment load has been deposited upstream. As the flow 
velocity increases the sediment transport capacity of flow can easily exceed the existing 
sediment load. This can lead to scouring of soil at the downstream side of barriers and may 
require protective measures in many situations. 
Improvement of Degraded Soil Structure 
Soil management options to reduce the rate of land degradation and to ameliorate degraded lands 
are urgently needed for the SAT Alfisols. We in collaboration with QDPI (Queensland 
Department of Primary Industries, Australia) initiated a project in 1988 to investigate the effect 
of several management practices on soil structure and related processes (Smith er al. 1992). 
Runoff 
Effect of tillage: Tillage has no significant effect on annual runoff (Table 20). Lack of response 
to tillage can be explained by the inherent capacity of these soils to form a crust at the surface. 
Runoff, representing rainfall in excess of infiltration, reflects these changes well (Cogle et al. 
1996). In all the years runoff decreased to a minimum with tillage and reverted back to the initial 
level during successive rainfalls. A plot of cumulative rainfall since tillage against runoff (Fig. 
12) indicated that most of the tillage benefits were lost by the time cumulative rainfall reached 
150 mm in case of shallow tillage and 200 mm in case of deep tillage (Rao et al. 1994). 
Effect of organic amendments: Application of organic amendments resulted in significant 
reduction of runoff over control, The ameliorative effect of FYM was evident from the decline 
in runoff over the years. Runoff from plots amended with FYM declined to 45% of bare and 
those amended with rice straw recorded a decline of 65%. Data from the past three years indicate 
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that these systems reached an equilibrium stage and further reduction in runoff is difficult to 
achieve. The amendments were more effective during crop season i.e. during the first four months 
after the application compared to the off-season. 
Effect of perennials: Among the perennials tested, systems with Stylosa~tthes hamata were found 
to be more effective. Runoff from sole Stylo system was negligible after four years. This is 
attributed to the protective function of the cover provided by the crop and to the ameliorative 
action of the litter and roots on soil structure (Cogle et al. 1995, Rao et al. 1992). The soil 
structural changes brought by these systems were lost at about the same rate they accrued, after 
their return to annual cropping. Runoff from these plots was about 50% of that from zero tillage 
bare treatment after three years of annual cropping. 
Soil loss 
- 
Similar to runoff, soil loss values showed large variations across different soil management 
options and values ranged between few kgs to 6.3 t ha" (Table 21). Soil cover seems to be the 
major factor affecting soil loss. All perennials and maw amended plots with an avenge cover 
of more than 50% during the runoff causing rains produced little soil loss. The reduction in soil 
loss was relatively more than the reduction in runoff. 
Crop performance 
Tillage has no significant effect on yields. Organic amendments significantly increased grain yield 
in all years except in 1989 sorghum had the lowest grain yield when straw was applied as an 
amendment (Cogle et al. 1996). Crops with N M  produced the highest yield, regardless of crop 
species. Grain yields from systems amended with FYM and straw were between 16 and 59% 
higher than from unamended systems. The response of fodder yields to the treatments was 
generally similar to that of grain yields. Among the perennials lowest average biomass yield per 
year was from the Cenchnrs ciliaris system. All mixtures with Slylo recorded higher biomass 
yield per year. 
Simulation modelling 
Systems simulation model PERFECT (Productivity Erosion Runoff Functions to Evaluate 
Conservation Techniques) developed by QDPI, Australia was adopted by incorporating the 
required changes for the range of soil management options tested in this ma1 (Littleboy et al. 
1996). The changes include modification to the curve number functions to predict the effect of 
tillage, amendments and perennials, removal of entire dry matter at the time of harvest, criteria 
for predicting tillage and planting dates and allowing the user to specify the type of tillage and 
type and amount of amendment. The model explained between 71% and 91% of the variation in 
daily runoff volumes due to tillage, amendments and perennials. 
Page # 61 
Effect of Erosion on the Productivity of an Alfisol 
Soil erosion reduces productivity of soils through a variety of ways, e.g. by selectively removing 
finer particles, thus reducing the overall fertility or the available water capacity. It may also 
produce physical effects such as crusting, compaction, or increased soil strength. We initiated 
this study on the effect of erosion by water on the productivity of an Alfisol in 1988 to (a) 
quantify the relationship between soil erosion and groundnut yield; and (b) measure changes in 
soil properties that are associated with erosion (ICRISAT, 1990 & 1991 and ICRISAT, 1994). 
The mean yield of groundnut pods and haulms frorn the naturally eroded nonfertilized (NF-) plots 
decreased rapidly as the cumulative erosion by water increased (Fig. 13). In the case of the 
naturally eroded fertilized (NF+) plots, the rapid rate of decline had decreased at erosion rates 
greater than 12 t ha.'. It was postulated that addition of fertilizers would mask the yield decline 
due to erosion. Therefore, this relationship was unexpected and appears to indicate that either 
the fertilizer rate was not sufficient to offset the decline due to erosion or that other factors such 
as lower water content resulting from loss of clay may be involved. This hypothesis would be 
examined when particle size distribution measurements are examined in future. There was no 
consistent yield decline due to erosion in the desurfaced plots. In the desurfaced plots which 
were not fertilized (DF-), total yield was almost constant over erosion rates ranging frorn 6 to 
325 t ha-'. 
There was a drastic decrease in total nitrogen content of the soil by 1993 due to erosion. With 
the exception of DF- plots which had a slight increase in total nitrogen, there was no significant 
difference in total nitrogen content of the other treatments by 1993. Available phosphorus for 
the nonfertilized plots (i.e. NF- and DF-) was lower than that in the NF+ and DF+ plots. By 
1993, there was no difference in available phosphorus in the NF- and DF- plots. The 
exchangeable potassium for the nonfertilized plots (NF- and DF-) was similar and greater than 
that for the fertilized plots (NF+ and DF+). 
Land Management Studies on Vertisols 
Watershed-based Vertisol Technology 
We continued the evaluation of vertisol technology on operational scale watersheds up to 1987. 
A total of 11 successive years of data (1976-87) have been analyzed to judge the sustainability 
of the improved vertisol technology (Virmani et al. 1991). 
Improved technology clearly reduces runoff and soil loss (Table 22). A simple index of the 
stability of production is the standard deviation of the 11-year mean. The double-cropping 
system shows much less variation (CV=13%) compared to the traditional practice of a single crop 
(CV=40%) (Table 22). The stability of the traditional system appears to be more susceptible to 
the vagaries of the weather as the CVs for yield and rainfall are similar (40% vs. 30%). Annual 
rainfall totals can be misleading because they do not indicate seasonal distribution and the timing 
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of rainfall or stress can be critical to crop yield. However, crops grown under the improved 
technology are evidently less affected by drought. 
There is no indication that productivity has declined under either system during the 11 years. 
This is expected as the soil is very deep (> 2 m) and fertility is maintained either by regular input 
of fenilizer or by natural mineralization. Nevertheless, the watershed concept has clearly 
demonstrated the efficiency of the soil-and-water-conservation practice and has increased the 
stability of crop production in an erratic rainfall regime typical of many parts of the SAT. 
Management of Vertisol Cracks 
The development of cracks due to shrinkage upon drying is a major structural feature of 
Vertisols. The frequency, size, and rate of development of surface cracks influence infiltration, 
aeration, and plant growth. Widely spaced, large and deep cracks could increase infiltration, but 
aeration and seedling emergence may be improved by small, frequent cracks. We conducted 
study on small plots to see whether crack size and distribution could be influenced by soil 
compaction and by shading (Srivastava ct al. 1989). 
Soil was compacted by repeated rolling of a pneumatic wheel on wet soil and shaded by covering 
the soil with a sheet of milky white polythene. The depth of major cracks (>5 lrun width) were 
measured by probing with a 2-mm diameter wire. Photographs of the cracking patterns were 
analyzed by an Area Meter. 
Srivastava et al. 1989 observed that the depth of cracks increased from 2.0 + 0.1 cm to 5.1 + 0.3 
cm and the area of intercrack structural units (ISUs) increased from 23.3 + 1.5 cm2 to 199.4 + 
25.0 cm2 due to soil compaction. Thus, soil compaction resulted in bigger ISUs separated by 
deeper and wider cracks. Similarly, shading resulted in bigger ISUs, and deeper and wider 
cracks. The area of ISUs under shade was 140.1 2 9.6 cm2 compared with 37.0 + 2.9 cm2 in the 
unshaded plots. The crack depth increased from 1.8 + 0.1 cm to 3.1 + 0.1 cm due to shading. 
This study has shown that the distribution of cracks with a width of > 5 n1m can be managed 
by both compaction and shading. 
Land Water Research on Vertisols in Ethiopia 
Since 1990 we have been collaborating with International Livestock Research Institute, (ILRI) 
the Institute for Agricultural Research (IAR), and Alemaya University of Agriculture in Ethiopia 
to develop strategies and technology options to raise and sustain crop and livestock production 
on Venisols (ICRISAT, 1992). 
In the collaborative trials, perched water table fluctuations in experimental plots at Ginchi and 
Akaki were characterized. Measurements showed that, during the rainy seasons of 1991 and 
1992, the perched water table was within 30 cm of the ground level at certain times, thus 
exposing crops grown there to the risk of waterlogging. An analysis of wheat yield data from 
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Ginchi and Akaki showed that yields were significantly higher from crops grown on 26-cm high 
broadbeds than on beds made to the standard specifications of 13 cm. This suggests that the 
height of broadbeds constructed at a particular site should depend on the intensity of the risk of 
waterlogging. 
By 1993 it was well recognized that the broadbed and furrow technique developed by ICRISAT 
might have good potential in some Ethiopian Vertisol areas. Poor drainage1 waterlogging is 
identified as major technical constraint limiting the productivity of crops in Ethiopian highlands. 
In 1994, this Joint Venisol Project entered a new phase, with a project on resource management 
for crop and livestock production in the Ethiopian highlands. An important feature of this new 
phase is the watershed-based disposal system for excess rainwater, to reduce waterlogging and 
si~nultaneously reduce soil erosion and gully formation. 
Water Harvesting & Supplemental Irrigation 
Assessment of Water Availability in Tanks 
There is considerable evidence from our earlier experiments, that the yield of dryland crops can 
be increased and stabilized with one or two supplemental irrigations at the critical periods of crop 
growth. However a ~najor problem is the availability of water for supplemental irrigation. The 
feasibility of providing such irrigations from stored runoff i n  a fa1111 reservoir (tank) was studied 
by us in collaboration with CRIDA (Central Research Institute for Dryland Agriculture, ICAR). 
The study was carried out at four locations in Anantapur, Akola, Ranchi and Hyderabad. The 
runoff lnodel (Pathak er ul.  1989) and water harvesting lnodel (Kumar, 1991) developed at IAC, 
ICRISAT were used to assess water availability in farm tanks. The complete water harvesting 
model (Fig. 14a) has a runoff component and a soil moisture accounting procedure for predicting 
daily runoff and soil nioisture in a watershed. Thereafter, it calculates daily net inflow and 
outflow from the tank by subtracting daily evaporation and seepage losses from the watershed 
runoff. Based on the net inflow and outflow estimations available water in the tank is calculated 
on daily basis. We have colnpleted the analysis for probabilities of getting 40, 60, 80 and 100 
ltim of water from the tank for supplemental irrigation (ICRISAT, 1993, Patllak and Laryea, 
1991). The output from the model for Akola region is shown in Fig. 14b, which clearly shows 
the probabilities of getting water for irrigation from the tank are high for most part of the crop 
growing season. This indicates a good prospect of runoff water harvesting in Akola region. We 
also estimated the conditional probabilities of the availability of 40, 60, 80 and 100 lnln water 
from the tank during periods of drought. Probabilities of occurrence of drought stress in 3 crop 
growth stages viz. growth stage 1 (GS 1,  sowing to panicle initiation), growth stage 2 (GS 2, 
panicle initiation to anthesis) and growth stage 3 (GS 3, grain-filling stage) were also estimated 
(Pathak & Laryea, 1991). 
It was found that considerable information on various aspects of water storage in tanks can be 
obtained by using these runoff and water harvesting models. 
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Response of Crops to Supplemental Irrigation 
On Alfisols and Vertisols, striking benefits have been reported from supplemental inigation at 
ICRISAT and elsewhere (El-Swaify et al. 1985, Pathak et al. 1987). Good yield responses were 
obtained in both rainy and postrainy seasons. On Alfisols, the irrigation water use efficiency for 
pearl millet, sorghum, cowpea, pigeonpea and tomato was found to be 12, 18,20,23 and 93 Rs 
mm" ha-', respectively. Similar responses were obtained on Vertisols (Laryea et al. 1989, Pathak 
& Laryea 1991). Results from various experiments clearly indicate that on SAT Alfisols and 
Vertisols significant returns can be gained from relatively small quantities of supplemental water 
on rainy and post-rainy season crops. Generally the benefits from supplemental irrigation was 
found to be better on Alfisols than Vertisols. 
Wind Erosion Research during 1984-95 at the ICRISAT Sahelian 
Center (ISC) 
The need for long-term research in soil erosion and land use systems, in order to provide options 
and opportunities for policy makers, has been emphasized for several years. However, the role 
of wind erosion in soil degradation and crop production in the Sahelian zone was tainted with 
uncertainty. Frequent short sand stonns occur especially in the beginning of the rainy season, and 
in areas susceptible to wind erosion, farmers must replant their millet crop several times. Wind 
erosion damage to millet production consists of both abrasive action and plant burial by 
accumulation of deposited material. In combination with environmental stress like lack of water 
and nutrients, high soil temperature or soil crusting, the partial or total burial of seedlings induces 
growth and development delays as well as plant mortality. In years with a short rainy season, 
growth delays caused by wind erosion may prohibit grain production altogether. 
For the transfer of erosion control techniques to farmers, information on their profitability and 
on farmers' perception of these techniques is crucial. The motivation of farmers is a core task 
of extension, but policy and institutional support must be assured first. Economic incentives and 
favorable agricultural price policies reinforce the impact of research and extension. The current 
rate of soil degradation in the West African Sahel demands immediate intervention to stop soil 
degradation and rebuild a sustainable ecological system. The fact that some erosion control 
techniques are financially unattractive to farmers influences their decision-making. To increase 
the adoption rate, national and international policy-makers must create conditions to favor the 
implementation of innovations for decreasing soil degradation, increasing soil fertility and, 
consequently, long-term productivity. 
Wind erosion research at the ISC in Sadorb, Niger was initiated in 1984. A series of field and 
wind tunnel experiments were conducted by different groups of researchers on many aspects of 
the extent and the control of wind erosion. Integration of wind erosion control techniques into 
millet-based cropping systems was studied not only from the point of agronomy, but was also 
approached from the socio-economic point of view. More recently, we started placing more 
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emphasis on simulation modelling in wind erosion research and on-farm testing of control 
strategies. 
Following is a brief summary of 17 studies on wind erosion conducted at ISC during the past 11 
years. This research involved several.disciplines including agroclimatology, agroforestry, 
agronomy, soil and water management, socio-economics and geostatistics showing thereby the 
complex nature of the issues involved and the need for a multidisciplinary approach to wind 
erosion research. Our research was conducted in collaboration with advanced research 
institutions in Germany, Netherlands, United Kingdom and the United States, which reflects the 
importance attached to wind erosion research in Europe and the United States. 
a) From 1984 through 1986 two field experiments were conducted on the effects of different 
tillage methods on millet establishment and yield, The treatments included plowing, ridging 
and the use of a 'sand fighter'. The latter is a tillage implement used to quickly roughen 
the surface of sandy soils after each rain event. Plowing and ridging produced the best 
stands, whereas the clods produced by the sand fighter were not sufficiently stable to reduce 
the wind erosion hazard (Klaij and Hoogmoed, 1993). 
b) Froin 1985 through 1987, we conducted a large study covering 12-ha on the effectiveness 
of soil ridging and of low windbreaks comprising natural savannah revegetation, in 
collaboration with the University of Hohenheim, Germany. The effects of ridging on wind 
speed, evaporation, and wind erosion were small and mostly non-significant. Average wind 
speed in the center of cowpea and millet strips, however, was reduced as windbreak distances 
narrowed. The amount of wind blown soil panicles in sheltered plots declined by 50% in 
ridged and by 70% in flat treatments. Average subsoil water reserves were 14 rttln smaller 
in the 6- than in the 20-m windbreak spacing indicating excessive water extraction by the 
windbreak vegetation. Ridging did not change total dry matter or grain yield in millet but 
increased cowpea grain yield. Dry matter production at maturity and grain yields were 
similar in all windbreak spacings for millet and cowpea (Banzhaf st ul. 1992; Leihner el al. 
1993). 
c) From 1986 to 1989, a field trial on the impact of 10 m wide strips of the perennial grass 
Andropogon gayanus on the amount of sand captured within the strips was conducted. The 
Andropogon borders did not increase millet grain yield in adjacent fields. However, the 
increase in soil surface by captured sand within the borders during three years was up to 0.2 
m (Renard and Vandenbeldt, 1990). 
d) From 1988 to 1989, tree-crop interactions in a millet-windbreak system were investigated 
in a collaboration with the University of Edinburgh. Below-ground competition reduced grain 
and stover yields. Effective competition did not extend beyond a distance of 1.5 times the 
height of the windbreak. The optimum distance between windbreaks was calculated to be 
between 10 and 15 times the height of the windbreak in order to increase stover production 
and to compensate for the loss in grain yield due to the reduced crop growing area (Brenner 
et al. 1994). 
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e) In 1990, sand storms and their effects on millet burial and growth were monitored in 
collaboration with the University of Hohenheim, Germany. During the growing season, the 
accumulated sand captured at 0.1-m above the soil surface attained 1262 kg mV2 vertical 
sampler opening. Ninety percent of the millet pockets sown with the first rains were covered 
at 22 days after emergence and the crop was resown. Surviving plants from the partially 
covered pockets showed delays in growth and development. The maximum plant height and 
leaf number were lower with a significant reduction in the leaf area index. Grain yield from 
unaffected pockets was nearly twice that of the pockets which were partially covered 
(Michels et a[. 1993). 
f )  From 1991 through 1993, the effects of millet straw residue on wind erosion and surface 
soil properties were determined in collaboration with the University of Hohenheim, 
Germany. Soil flux 0.1 m above the ground was significantly reduced with 2000 kg ha" 
residue but not with 500 kg ha". Amounts of 500 kg ha" decreased the soil flux at 0.1 m 
height only during less severe events of the Harmattan season. Topographic measurements 
indicated that soil removed from the soil surface was less with either residue level than in 
the control. After 2 years, the soil surface of both residue treatments had less coarse sand 
than the control, but more fine sand and clay, more organic carbon and an increased cation 
exchange capacity. The organic-C content of blown material was higher than that of surface 
soil. An amount of 500 kg ha" residue can be considered useful for soil conservation, but 
2000 kg ha" are required for a significant reduction of soil flux caused during severe wind 
erosion events (Michels el al. 1995a). 
Effects of three levels of millet straw residue on establishment and growth of pearl 
millet were determined in the same experiment i n  1991 and 1992. The extent of millet 
seedlings buried by blown soil in plots with 500 kg ha-' residues was similar to that of 
control plots. A residue amount of 2000 kg ha-' reduced the extent of covered millet, but did 
not provide complete protection during severe sand storms. The partial covering of millet 
seedlings by blown soil resulted in decreased biomass yields of those plants compared to 
uncovered millet. Grain production, averaged over two years, was about 500 kg ha" for the 
control, 570 kg ha.' with 500 kg ha" residue, and 730 kg ha " with 2000 kg ha" residue. 
Increased yields were caused by both wind erosion protection and direct growth stimulating 
effects of residue. Straw yields for all treatments in both years were less than 2000 kg ha" 
and thus insufficient to sustain the levels required for protection of crops against wind 
erosion damages (Michels er al. 1995b). 
g) From 1991 to 1993, an agroforestry field experiment with six tree and shrub species and 
one perennial grass was conducted at ISC in collaboration with the University of Hohenheim. 
Windbreaks decreased the amounts of moving soil effectively up to 7 times their height. 
Windbreaks shaped like Bauhinia rufescens were more effective for wind erosion control 
than perennial grass barriers like Andropogo)~ gayanus. However, wind erosion during the 
study years was not a major constraint to millet production at the observation site. Thus, the 
measured effects of windbreaks on millet yields cannot be explained by erosion control. 
Faidherbia albida improved millet yields significantly up to 10 times its height, probably due 
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to a nutrient recycling by litter decomposition and to the lack of competition for moisture 
and nutrients during the millet growth period. Acacia holosericea showed also yield 
increasing effects, The effects of B. rufescetts and A. gayanus on chemical soil properties 
and yields were restricted (Michels 1995). 
h) From 1991 through 1993, water use of different windbreak species within millet crops 
was investigated in collaboration with the University of Edinburgh. Azadirachta indica 
(neem) used the least amount of water, probably as a result of lower stomata1 conductances. 
Competition for water was shown to be most severe with tree species which extract water 
through lateral roots and at locations where trees cannot access groundwater (Smith et al. 
1995). 
j) From 1991 to 1993, financial and economic analyses of wind erosion control techniques 
in Niger were done in collaboration with the University of Hohenheim. The profitability of 
windbreaks for farmers depended primarily on the yields of the protected millet crop, while 
the products from the tree windbreaks were secondary. Since it could not be guaranteed that 
the total costs would be covered by the total benefits, it was found that a general 
implementation of windbreaks without considering the species may even decrease farmers' 
income. Reliable markets for the products froin the trees must be developed before the direct 
benefits of windbreaks can be fully exploited. In areas more prone to wind erosion (northern 
regions), a lack of alternatives may demand the ilnplernentation of windbreaks on a larger 
scale, if only as an wind erosion control technique. Mulching with crop residues for erosion 
control is economically feasible only under certain conditions, since labor for weeding is 
often more constraining than land. Mulching becomes competitive with the traditional crop 
residue uses when land is limited. Due to the high opportunity costs of crop residues, farmers 
may use them to increase their present income, but doing so depletes soil fertility. The use 
of external inputs, such as mineral fertilizers, could alleviate the need for land and, 
consequently, overcultivation and soil degradation. 
It could be shown that the long-term benefits of soil protection (yield stabilization, yield 
improvement, protection of natural resources) more than compensate for the costs of 
implementing erosion control techniques. Therefore, in developed countries subsidies are 
granted to farmers to insure their implementation. Similar incentives are also justified to stop 
further depletion of land in the Sahel. Given the budget limitations of Sahelian governments, 
the support of developed countries is required. Motivating farmers to use innovations which 
have, primarily, a long-term profitability, is vital because it would allow them to sustain their 
families and maintain their resource base. Economic incentives and favorable agricultural 
price policies reinforce the impact of research and extension. Also, the presence of an 
established market for firewood and feed may assist in the adoption of windbreaks (Lamers 
et a1 1994a; 1994b; Lamers 1995). 
k) From 1991 to 1994, nutrient analysis of dust depositions during the dry and the wet 
seasons were investigated in collaboration with the University of Hohenheim. Dust deposits 
were rich in potassium, calcium and magnesium. Quantities were smaller in the South 
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compared to northern areas. In particular the potassium balance of agricultural and fallow 
does benefit from the input by dust. On the other hand, dust deposits increase the formation 
of crust and subsequently also runoff. A strategy was developed for quantifying a mass 
budget of eolian transported material at a regional scale in a Sahelian environment 
(Hemnann et al, 1994; Hemnann and Sterk 1995). 
1) In 1992, two laboratory wind tunnel experiments were conducted at the Wind Erosion 
Laboratory in Manhattan, Kansas, to determine the kind and extent of damage to millet 
caused by sandblasting and burial. In Exp. I, millet was exposed for 15 min to wind, or wind 
plus sand at plant ages of 8 and/or 16 d after emergence (DAE). Viable leaf area, leaf net 
photosynthesis, and nitrate content were measured through 21 DAE (days after emergence) 
and dry matter production through 57 DAE. In Exp. 11, millet was seeded as three single 
seeds or in tufts, exposed to sand flux for 15 min at the one-, two- or three-leaf stage, and 
manually covered by 15 mrn sand. Survival was monitored weekly, and dry matter 
production was determined 70 DAE. Exposing millet seedlings to wind and windblown sand 
reduced leaf area, photosynthesis, and dry matter production, but increased nitrate contents. 
Effects got smaller a few days after the exposure. Millet can withstand sandblasting without 
a reduction in survival rate. Growth was most reduced by sandblasting at the One-leaf stage, 
by high sand flux levels, by a sequence of wind erosion events during early growth, or by 
combination of sandblasting with burial and other agroclimatic growth constraints. Wind 
speed during erosion events was less important for leaf area losses and dry matter production 
than the sand flux level (Michels et al. 1995). 
m) From 1992 through 1994, the effects of the soil surface management on the amount of 
windblown sand and on millet establishment were studied in a field experiment. The 
treatments included no-tillage, ridging, shallow tillage using a donkey-drawn implement, and 
in combination with residue application. Data are in the process of being evaluated (Personal 
Communication, M.C. Klaij, ICRISAT). 
n) During the 1993 through the 1995 rainy season, in collaboration with the University of 
Wageningen, we conducted field measurements of wind erosion with the objective to 
calculate mass transport by modeling spatial variability (Sterk and Raats, 1995; Sterk and 
Stein, 1995) 
o) During 1994, a socio-economic study was undertaken by the University of Hohenheim 
"Impact of institutional and legal pluralism on the introduction of anti-erosion measures-the 
case of Niger". It was shown that tenure security of certain rural dwellers is limited by both 
customary land right systems and state legislation. Customary tenure does not allow non- 
owners to plant,trees which is an important constraint for the introduction of a'groforestry 
systems. The success of projects promoting these systems depends on the percentage of fields 
operated by non-owners and on the distance of the project region from the village because 
there is a significant difference between owned and leased fields with regard to distance from 
the compounds. Forest legislation further limits peasant rights to trees on their own land 
(Neef et al. 1995). 
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p) In a study on institutional and policy issues relevant to wind erosion control, it was found 
that control techniques perceived as most preferred in the short-term included dune fixation 
and soil surface protection using crop residue or branches. The factors that favor adoption 
of wind erosion control interventions were low cost and simplicity as well as reliance on 
local skills and inputs (Baidu-Forson and Ibro, 1995). . . , , .  
q) In 1995, field experiments were started on the effects of soil tillage and crop residue on wind 
erosion, soil properties and the growth of millet-cowpea intercrops. Focus is on the kind of 
residue placement, the impact of rock phosphate on crop yields and the residual effect of 
cowpea on millet growth. Part of the treatments are also tested on an on-farm site northeast 
of Niamey (Personal Communication, Bielders and Michels, ICRISAT). 
r) A collaborative project was initiated with the modelling group from the USDA Grassland, 
Soil and Water Research Laboratory in Temple, Texas, was initiated in early 1995 to 
calibrate and evaluate the Erosion/Productivity Impact Calculator (EPIC) for conditions in 
the Sahel region (Michels 1995). 
Cooperation with NARS and Other Agencies 
During the period of research reported in this review, we collaborated with several national and 
international research institutes and agencies in the area of land and water management. We had 
several joint research projects with NARS on various aspects of land and water management both 
under on-station and on-farm situations. Some of the cooperative links are listed below: 
Water harvesting and supplemental irrigation (modelling aspects) 
- CRIDA, Hyderabad, India 
- AICRPDA, Punjabrao Krishi Vidyapeeth, Akola, India 
- AICRPDA, APAU Anantapur, India 
Watershed based research on Vertisols, Ethiopia 
- International Livestock Research Institute, Addis Ababa, Ethiopia 
- Institute of Agricultural Research, Addis Ababa, Ethiopia 
- Alemaya University of Agriculture, Alemaya, Ethiopia 
Management of soil structure (Alfisols) 
- Queensland Depanment of Primary Industries, Australia 
Land management studies on Vertisols and Alfisols 
- CRIDA, Hyderabad, India 
- AICRPDA, University of A ~ c u l t u r a l  Sciences, Bangdore 
- AICRPDA, College of Agriculture, Indore 
- Dept. of Agriculture, Karnauka, India 
- Dept. of Agriculture, Madhya Pradesh, India 
Page # 70 
Land surface configurations studies on Alfisols (Gunegal) 
- CRIDA, Hyderabad, India 
Wind erosion research at ISC 
- University of Hohenheim, Stuttgart, Germany 
- Kansas State University, Manhattan, USA 
- University of Wageningen, Wageningen, Netherlands 
- USA Wind Erosion Laboratory, Manhattan, USA 
- Texas A &M University, Temple, Texas, USA 
Future Plans 
In future the research on land and water management will be conducted to study the integrative 
effects of soil, water, nutrient and crop management practices on crop productivity, resource 
conservation, and its use efficiency. All the research will be camed out within the new 
Integrated System Projects (ISPs 1-4). 
Wind erosion research at ISC will be continued as a component of Integrated Systems Project 
(ISP 1) and will aim at testing proven means of controlling wind erosion in farmers' fields. In 
addition, we will continue our strategic research efforts to more fully understand the wind erosion 
processes and provide the necessary input data to calibrate and evaluate EPIC for conditions in 
the Sahel. 
In the Integrated System Project 2 (ISP2) we plan to evaluate some of the promising in-situ 
moisture conservation strategies for low rainfall zones in southern India. Initially this work will 
be done on Alfisols. We also plan to review and evaluate the impact of land degradation on crop 
productivity, document farmer perceptions of land degradation, and their indigenous systems to 
deal with this problem. In collaboration with QDPI Australia, we plan the assessment and 
simulation of the rates of degeneration of soil structure in a low input sorghum-based system. 
In the Integrated System Project 3 (ISP3) we plan to identify strategies to alleviate waterlogging 
and improve soil aeration to facilitate rainy season cropping in high water holding capacity soils 
in central parts of India. We also plan to integrate and evaluate promising strategies for double 
cropping including intercropping in collaboration with NARS. On shallower Venic Inceptisols 
we plan assessment of soil degradation or impacts on crop productivity and quantification of 
different degradation processes. In Africa (WCA) we plan to work on development of integrated 
nutrient management and water strategies for sustainable crop production in sandy Alfisols. 
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Table 17. Croudnut pod yield, as influenced by different land surface configurations on an 
Alfisol at ICRISAT Asia Center, 1991-92. 
Treatment Pod yield (t ha-') 
ICG(FDRS) 10 ICGS 11 
Flat 
Ridges 
BBF 
SE 
CD (0.05) 
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Table 18. Effects of rock bunding and sorghum variety ICSV 1002 on grain yield (kg ha") 
in farmers' fields in four villages in two agroclirnatic zones, Burkina Faso, 1985. 
Yield and other aspects Agroclimatic zone 
Sudanian Guinean 
Kolbila Ononon Koho Sayero 
Number of fields 8 7 8 8 
Rainfall in 1985 (mm) 514 487 922 7 15 
Fields receiving heavy runoff 5 1 0 I 
Fields receiving moderate runoff 2 5 2 1 
Sorghum grain yield (kg ha-') 730 350 670 1010 
with bunding and ICSV 1002 
Control 230 160 650 600 
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Table 19. Effect of porous barriers on runoff and soil loss from bare plots during the 1993 
rainy season (total rainfall = 657 mm). 
Barrier treatment Runoff (mm) Soil loss (t ha") 
2.8% slope 
Control 
Stone bund 
Lemon grass 
Vetiver 
0.6% slope 
Control 
Stone bund 
Lemon grass 
Vetiver 
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Table 20. Annual runom under dimerent management systems on an Allisol. 
Treatment 1988 1989 1990 1991 1992 1993 1994 
ZTB 
ZTF 
ZTS 
STB 
STF 
STS 
DTB 
DTF 
DTS 
P 
PSt 
PCS t 
C 
CSt 
St 
LSD 
(0.05) 
Legend: ZT = Zero tillage; ST = Shallow tillage lo 10 cm; DT = Deep tillage to 20 cm: B = bare without any 
amendment; F = F m  yard manure @ 15 tlhdyr; S = Straw @ 5 t/ha/y; P Perennial pigeonpa; C = Cenchrus 
ciliaris; St = Stylosanihes hamata. 
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Table 21. Annual soil loss (kgjha) under different management systems on an Alfisol. 
Treatment 1989 1990 1991 1992 1993 1994 
ZTB 1681 536 ' G  3107 6299 3964 2065 
ZTS 
STB 
STF 
STS 
DTB 1593 825 2950 4552 3201 1097 
DTF 2130 822 2234 3559 2400 1323 
DTS 1142 105 953 2820 1956 908 
P 
PSI 
PCS t 138 219 24 5 113 4 34 500 
LSD (0.05) 1486 620 1477 2350 1319 705 
Legend: ZT = Zero tillage; ST = Shallow tillage to 10 cm; DT = Decp tillage to 20 cm; B = bare without any 
amendment; F = Farm yard manure @ 15 t/ha/yr: S = Straw @ 5 t/ha/y; P Perennial pigeonpea; C = Cenchrus 
ciliruis; St = Stylosnnthcs hamnta. 
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Table 22. C n i n  yield, runoff, and soil loss under improved and traditional technologies on deep Vertisols in 11 
successive years, ICRISAT Center, 1976-1987. 
Year Cropping Improved system (double cropping) Traditional system (single crop) 
period 
rainfall Total Runoff Soil loss Chickpea Runoff Soil loss (mm)' yield2 (mm) ( t  ha.') (t ha") (mm) (t ha") 
(t ha") 
1976fl7 708 3.92 73 0.98 0.54 238 9.20 
1977178 616 4.29 1 0.07 0.86 5 3 1.68 
1978/79 1089 3.40 273 2.93 0.53 4 10 9.69 
1979180 715 3.49 73 0.70 0.45 202 9.47 
1980/81 75 1 4.50 116 0.97 0.56 I66 4.58 
1981/82 1073 4.24 332 5.04 1.04 435 11.01 
1982i83 667 4.36 10 0.20 1.23 20 0.70 
1983/84 1045 4.8 1 154 0.80 0.47 289 4.70 
1984/85 546 4.36 1 1  N ' 1.23 7 5 N 
19851'86 477 3.42 4 N 0.84 18 N 
1986/87 538 4.83 35 N 1.27 I I? N 
Mean 748 4.15 98.4 1.46 0.82 183 6.38 
SE *223 f 0.52 f 113 f 1.69 - t0.32 - +I37 - t3.97 
CV (%) 30 13 114 116 40 80 62 
1. Average rainfall for Hydenbad (29 km from ICRISAT Centre) bawd on 1901-1984 data is 784 mm with a CV of 
27%. 
2. Total yield of sorghum and pigeonpea 
3. N = Measurements were not taken 
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Fig 1. Effect of rainfall since tillage on runoff from a. Shallow tillage b. Deep tillage 
160 r 
Rainfall since tillage (mm) 
Event wise - Moving average 
Fig. 12. Effect of rainfall since tillage on runoff from (a) Shallow tillage, (b) Deep 
tillage. 
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Erosion ( t hdl) 
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I A b - 
Fig. 13. Yield of pods and haulms versus cumulative erosion in NF plots. 
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SOIL WATER BALANCE AND CROP WATER USE 
Piara Singh, M.V.K. Sivakumar, M.C, Klaij and W.A. Payne 
Introduction 
Semi-arid regions of the world have significant variability in soils and climate. Rainfall in these 
regions varies spatially and temporally which has tremendous effect on crop production, resource 
use, and quality of the resource base. An understanding of soil water balance and its management 
in favor of crop production is fundamental to increasing crop productivity and sustainability. 
Since 1982 significant progress has been made to characterize soil water balance of semi-arid 
areas of India and Africa. Water use of crops and cropping systems has been quantified and their 
response to water deficiency has been studied. Research was also conducted on the development 
of methods for better assessment of water balance components at both experimental plot and 
regional scales. In the following sections research done at ICRISAT on soil water balance and 
crop water use is described. 
Regional Scale Water Balance Studies in West Africa and Asia 
Using the water balance model WATBAL (Keig and McAlpine, 1974) and the average weekly 
rainfall, potential evapotranspiration, and the data on available water holding capacity of soils as 
inputs, the lengths of the soil water availability periods have been computed for the 232 locations 
in India (Virmani, unpublished report). This analysis provides an average picture of water 
availability periods in various regions of the country. It does not consider the year-to- year 
variability in soil water availability. This information is useful to know the potential of regions 
for crop production and for extending new agrotechnologies to different ecologies. Piara Singh 
and Virmani (unpublished report) studied the water balance and water availability in soils of 
Andhra Pradesh using the same approach. The length of water availability periods ranged from 
120 days in southern districts to 229 days in the northern districts of the state. Probabilities of 
a given amount of excess water (runoff plus deep drainage) during the rainy season were greater 
in the northern districts than for the southern districts. Based upon this analysis it was suggested 
that because of assured soil moisture availability in the northern pans of the state, sustainable 
agriculture based upon high inputs is possible; whereas in the southern districts mixed cropping 
systems including agroforestry were emphasized to make better use of water resources. 
Throughout the state, efficient land and water management techniques are needed to improve 
productivity and sustainability of resource base. Sivakumar et al. (1987) studied the water 
balance and length of water availability periods for the Alfisols of India and Africa. They 
envisaged that water use efficiency of crops on Alfisols could be improved by appropriate 
management practices, including the selection of suitable genotypes, crops, and cropping systems. 
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Since evaporation plays a dominant role in the water balance of the Sudano-Sahelian Zone, 
Monteith (1991) estimated the regional evaporation rates for southern Niger for the dry (1984) 
and wet (1988) years using the Penman formula, Penman-Monteith equation, and Priestley-Taylor 
equation. Annual evaporation from bare soil was estimated to be 230 mm. Potential evaporation 
from crops in the wet season was 6 mm day", but was underestimated in the dry season by the 
Penman formula and by Priestley-Taylor equation. Annual regional evaporation (ET) estimated 
between 1984 and 1989 ranged between 300 and 500 mm. Corresponding estimates of runoff 
were consistent with the published data ranging from about 30 to 120 m for areas with little 
vegetation, and from zero to 110 mm for areas with 50% vegetation. 
Water Balance and Crop Water Use Studies in West Africa 
Multilocation water balance studies 
We know that the physical processes of soil water flow such as infiltration, redistribution, 
drainage, evaporation and water uptake by plants are strongly interdependent because they occur 
sequentially or sitnultaneously. Hence to evaluate the field water cycle as a whole, and the 
relative magnitude of the various processes comprising it over a period of time, it is necessary 
to consider field water balance. To accomplish this, we analyzed samples from four different soil 
profiles in Niger, at Sadore, Dosso and Bengou for physical, chemical and hydraulic properties 
(Sivakumar et al.  1990). These data show distinct differences between these soils (Fig. 15). 
Since these three sites were located on a rainfall gradient from 560 mln to 840 mn1, they offered 
an unique opportunity to examine the variations in the components of soil water balance. 
From 1984-87, we conducted multilocation water balance studies in Niger to understand the 
variations in crop growth and developlnetit with changes in available soil water on the different 
soil profiles shown i n  Figure 15. We grew pearl millet at Sadore and Dosso; at Bengou, where 
the mean annual rainfall is 839 mm, the crops included sole crops of pearl nullet, sorghun~, maize 
and groundnut, and intercrops of  nill led ground nut and millet/cowpea. We applied N, P and K 
at 45, 20 and 25 kg ha'' or no fertilizer; bare soil was an additional treatment. We monitored 
soil moisture at 10-15 day intervals throughout the growing season, and measured dry matter and 
leaf area index at regular intervals. 
Our data showed that an important consequence of the use of fenilizers is increased water use 
efficiency (Table 23). Early, vigorous growth results in a better ground cover. This reduces to 
some extent the proportion of water that would be lost through soil evaporation, thus helping in 
an effective and efficient use of rainfall. Our studies also pointed that different cropping 
possibilities exist under the same climatic regime because of differences in the soils under 
consideration and their management. 
Page # 82 
Effect of genotype, planting density and fertilizer on water use and water use efficiency 
Several soil water balance studies made by ISC and by other research institutes have shown that 
water supply is seldom the primary production constraint to pearl rnillet production in semi-arid 
West Africa. (Payne et al. 1990). 
It has been found that, within any given year, pearl millet genotype, planting density, and 
fertilizer have only slight to insignificant effects on crop water use (soil evaporation + crop 
transpiration, ET), which therefore has almost no relation to yield. As a result, crop ET efficiency 
is highly-correlated with yield. When high planting densities (20,000 hill ha") are combined with 
high fertilizer rates during wet years, total ET can be increased by -50 mm, but this combination 
may reduce yield during drier years, especially for the late varieties, by depleting available soil 
water reserves during dry spells. Compared to traditional practices of wide spacing and zero 
fertilizer input, moderate increases in planting density and fertilizer application substantially 
increase yield and approximately triple WUE without increasing risk even during very dry years. 
In general, grain yield is better correlated with ET when corrections are made for mean daily 
vapor pressure deficit calculated from standard meteorological data, but correction factors may 
differ among planting densities (Payne, 1996). 
Measurement and prediction of evaporative losses in millet-based cropping systems 
In West Africa, rnillet is traditionally grown in wide rows and plant densities are very low. In 
such sparse canopies, evaporative losses constitute a significant proportion of the total water loss 
and to improve the productivity of such traditional cropping systems it is essential to have an 
improved description of the energy balance and evaporation from the sparse canopies. In a 
collaborative project with the Institute of Hydrology (IH), U.K. and the ISC, we made 
measurements of the plant, soil and total evaporation in a sparse millet stand. Measurement 
techniques included the use of state of the art eddy correlation devices (The "Hydra") developed 
at IH, porometry to measure transpiration and use of microlysimeters to measure soil evaporation. 
Some of the salient points from this study are: 
a) Soil evaporation (E,) constitutes a significant loss in the water balance of sparse vegetation 
in West Africa. About 36% of the seasonal rainfall of 560 mm could be lost as direct soil 
evaporation (Wallace et al. 1989a). 
b) Leaf conductances were found to be high, up to 12 mm s" or 480 mmol m-2 s-' and varied 
according to the leaf surface, age and position in the canopy (Wallace er al. 1990a). Because 
of the low leaf area index in the sparse canopies, canopy conductances are very low and 
varied both diurnally and seasonally. 
c) With proper installation and operation, the Hydra can provide routine measurements of 
evaporation and sensible heat flux to an accuracy of around 210% (Wallace et al. 1989b). 
d) Total evaporation as measured by Hydra, generally agreed well with the sum of the 
independently measured soil and plant evaporation (Wallace et al. 1993). 
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e) Transpiration was calculated using the above canopy conductance values using the Penman- 
Monteith and Shuttleworth-Wallace models. In comparison to the Shuttleworth-Wallace 
model, Penman-Monteith equation underestimated transpiration when soil was dry and 
overestimated it when the soil was wet. These differences in transpiration arise because of the 
modification of the in-canopy vapor piessure deficit caused by heat and water vapor fluxes 
from the soil, a mechanism which is only present in the Shuttleworth-Wallace model. 
Measurements of energy balance and evaporation over bare soil and fallow bushland 
The widespread deterioration of large areas of savannah in the semi-arid regions of Africa is 
believed to be associated with the over-exploitation of marginal land via the removal of wood 
and overgrazing. Whatever the cause, the net effect is to degrade the savannah vegetation to the 
point where sizeable areas of bare soil appear between vegetation. The proportion of bare soil 
is a measure of the degree of land degradation. Previous modelling studies of Sahel were based 
on simple land surface parameterizations and also suffer from a lack of basic data against which 
they can be calibrated. According to Cunnigton and Rowntree (1986), the rate of evaporation 
and net radiation have important effects on sin~ulations of the Sahelian climate. 
In a collaborative study with the Institute of Hydrology, U.K. (Wallace et al. 1990b), we 
compared the net radiation and evaporation over two contrasting land surfaces, fallow bushland 
and bare soil in Niger. Data presented for three days, before and after a large rainstonn, showed 
that evaporation from the bush vegetation changed little i n  comparison with the large change in 
evaporation observed over bare soil (Fig. 16). Net radiation over the bush vegetation was 20 per 
cent greater than that over the bare soil, but only 12 per cent greater than that over the wet bare 
soil. Over the fallow bushland, before tlie rainstorm, changes in the net radiation before and after 
a rain were small. In conuast, over the bare soil the fraction of net radiation used as latent heat 
to evaporate water increased from 50 per cent before rain to 65 per cent afterwards. 
Our preliminary nieasuren~ents howed that collection of such data is important to understand the 
interaction between vegeution and cliniate, and its iriiplications for land degradation. 
Conditional cropping systems to optimize soil water use 
Our analysis of tlie relationsliip between tlie date of onset of rains and the length of the growing 
season, which was described in the section on rainfall climatology, suggests that agricultural 
planning in the Sahelian region should be formulated from the alternatives that can be offered 
to the farmer, based on tlie onset of rains (Sivakumar, 1988). To ensure yield stability at the 
farm level, it is essential to match the maturity duration of tlie crop species/variety to the 
probable season length. We have developed a computer program that calculates the probable 
season lengtli from the date of onset of first rains at a given location. In view of the differing 
growing season lengths that result from the different dates of onset of rains, we have developed 
the concept of "Conditional Cropping Systems (CCS)" where the choice of a cropping system in 
a given year is conditioned by the onset of rains. For example, at Niamey, the recom~nended 
CCS is millet/cowpea relay crop with early rains, millet with normal rains and cowpea with late 
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rains. The objective here is to maximize the production in good years by exploiting the long 
growing season and minimize the effects of drought by making the most efficient use of the 
scarce rainfall if a short season length occurs. 
In field studies conducted at ISC during 1986-1991, we tested this concept of CCS. Data on 
soil water showed that at the time of millet harvest in the CCS treatment, profile soil water was 
adequate to establish a second crop of cowpea for hay (Sivakumar, 1990). This enables efficient 
exploitation of soil moisture. In addition, the combined water use of the two crops, millet and 
cowpea, was much higher. Results of this study suggested that by tailoring management tactics 
to weather conditions, in years with early onset of rains it is possible to establish a second rainfed 
crop of cowpea for hay where the farmers traditionally grow only millet (Sivakumar, 1990). Our 
studies also suggested that in years with late onset of rains, growing season length for millet 
production is likely to be much shorter resulting in lower levels of dry rnatter production and 
yield. 
Use of microlysimeters to measure evaporation from sandy soils 
We have studied the measurement of evaporation from microlysirneters with different dimensions 
and of different ages on the sandy soils at the IAC and at ISC (Daamen et al. 1993). 
Our data showed that the evaporation recorded from microlysimeters of diameters 51, 152 and 
214 mm was not significantly different. A comparison of 100 and 200 Inm deep microlysimeters 
showed that depth had no significant influence during the first 2 days after extraction from the 
soil profile. For periods beginning 2 or more days after rain, significant differences in 
evaporation owing to depth may not occur for up to 7 days. Soil cores extracted at different 
times showed significant differences in evaporation immediately following a rain, and no 
significant differences 2 or more days thereafter. The period of significant difference was 
extended when the method was used within a crop (ie., root extraction of water in the field 
significant). 
Measurements of evapotranspiration and drainage from sandy soils of Sahel 
In the Sahel, estimation of field water balance from neutron-probe measurements is often difficult 
for field crops which is due to rapid drainage (D) in the predominantly sandy soils. We 
developed a simple method of calculating D in these soils from weekly neutron-probe data (Klaij 
and Vachand, 1992). The method divides the water balance into two phases. In the first, 
applicable early in the season, when flux across the maximum depth of probe measurement (Z,) 
is assumed negligible, and evapotranspiration (Ev and D are calculated from the change in water 
content (0) between the bottom of the root zone (&) and Z&, thus allowing calculation of 
unsaturated hydraulic conductivity, K(0), from the flux across &. In the second phase, when soil 
water starts to percolate across Z, D is calculated from K(0), assuming a hydraulic head gradient 
of -1. This method has been used to calculate a one dimensional water balance of a pearl millet 
grown in a number of experiments at the ISC on a deep sandy soil. 
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Results showed that the calculated K(0) functions compared well with those on laboratory and 
field measurements. An acceptable estimate of D, and therefore ET could be made. The 
cumulative ET and D were 268 and 148 mm for the fertilized millet with 440 mm of rainfall 
received during the crop cycle. The water balance for fertilized millet was also simulated using 
DUET, which compared to the method resulted in an about 10% higher seasonal ET and a 10% 
lower seasonal D. DUET is a crop growth simulation model coupled with the water balance 
model SWATRER. 
Our study showed that ET can be corrected for D using a simple but accurate method, and 
consistent with other studies in the region indicates that rainfall is usually not the primary 
limiting factor for pearl-millet production. 
Effect of shallow cultivation on soil water use 
Theoretically, evaporation from sandy soils can be reduced by altering the physical properties of 
the surface layer such that the "first stage" of evaporation is of shorter duration. However, few 
field studies have tested this theory. In a two year study, a tradional, shallow-cultivating hoe, 
known locally as the hilui~.e, was used to loosen the upper 0.05 m of soil within thirty minutes 
after a rain of 110  mm. During the rainy season, soil water storage, soil albedo, and surface soil 
temperature were measured regularly. Water conservation relative to non-cultivated plots steadily 
increased until fourteen weeks into the rainy season, at which point 70 mm more water was 
present in the upper 2.4 m of soil. Thereafter, water conservation rapidly decreased and was 
insignifcant toward the end of the season due to rapid drainage in both cultivated and non- 
cultivated plots. The darker color of cultivated plots was associated with a considerably reduced 
albedo. Soil surface temperature was as much as 12" higher in cultivated plots, suggesting greater 
energy interception. Our results suggest that the hilaira has evolved over the centuries to conserve 
water as well as to control weeds. (Payne, 1995). 
Effect of fallo\ving on soil water conservation on sandy soils 
Contrary to model predictions of Hall and Dancette, bare (or summer) fallowing conserves little 
to no water in sandy soils of Niger. Storage efficiencies from three sites ranged from 0% to 12%. 
Zero flux plane data show that niost of the water conserved during the rainy season by bare 
fallowing was lost to drainage. Evaporation during the growing seasoti from bare soil ranged 
from 41 to 65% of rainfall, which is in agreement with previous studies. (Payne et 01. 1990). 
Use of capacitance probe for water use estimation 
We have found that the capacitance probe offers an attractive alternative to the radioactive 
neutron probe for estimating crop water use, but ET estimates could probably be improved if the 
installation equipment allowed for deeper access tubes. (Payne and Bruck, 1996). 
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Water Balance and Crop Water Use Studies in Asia 
At ICRISAT Asia Center, water balance and crop water use studies formed n part of the wider 
objectives of studies on understanding of crop growth and development as influenced by climate 
and agronomic management. These studies were primarily conducted to parameterize various 
crop growth and development processes so that the information generated is useful for crop 
simulation modelling as well as to increase crop yields. In the followir~g sections only the water 
balance and crop water use aspect is emphasized. 
Sowing geometries and water use by pearl millet 
Pearl millet productivity and water use as influenced by sowing geometries and timing of water 
deficits were studied during 1982 to 1984 seasons at the IAC (ICRISAT, 1987). Three levels 
of rectangularity of inter-and intra-row spacings were imposed at a fixed population of 100,000 
plants ha". These spacings were 37.5 x 26.6 cm (S,), 75.0 x 13.3 cln (S,), and 150.0 x 6.6 cm 
(S,). The cultivars were BJ 104 and ICH 226. 
The most rectangular plant spacing consistently reduced grain and total dry matter yields, but did 
not affect the partitioning of dry matter into grain. BJ 104 yielded less than ICH 226 at the S, 
geometry, but not at the S, and S, geometries. Over the two years total dry matter production 
ranged from 4,220 to 5,990 kg ha" for BJ 104 and 4,260 to 6,310 kg ha" for ICH 226. The 
grain yields ranged from 1,730 to 2,490 kg ha" for BJ 104 and 1,660 to 2,350 kg ha-' for ICH 
226. 
Sowing geometry did not affect water use by pearl millet, but ICH 226 used more water than BJ 
104. Water use across treatments ranged from 36.4 to 36.5 cm for BJ 104 and 37.7 to 38.3 cm 
for ICH 226. For both the genotypes, S, caused lower water use efficiency (WUE) for both grain 
and TDM yields than S, and S,. WUE for grain yield ranged from 52 to 69 kg ha-'.cm'l for BJ 
104 and 56 to 61 kg ha*'.cm" for ICH 226. Similarly the WUE for TDM ranged from 136 to 
165 kg ha-l.cm" for BJ 104 and 155 to 165 kg ha".cm" for ICH 226. 
Timing of water deficit and water use by pearl millet 
During 1983 and 1984 summer seasons the productivity, water use and WUE of millet as 
influenced by timing of water stress was studied at IAC. Drought stresses were imposed during 
various growth stages, i.e., from emergence to panicle initiation, particle initiation to anthesis, 
and anthesis to physiological maturity. 
The results on TDM and grain yield production during 1983 showed that grain filling stage is 
the most sensitive to drought stress, water applied at this stage was most productive. Thus under 
limited water conditions, the irrigation water could be withheld at from emergence to anthesis 
for application during grain-filling stage. BJ 104 used water more efficiently than ICH 412 
(Table 24). For both grain and TDM yield, due to greater contribution of tillers to the greater 
yield under both stressed and nonstressed conditions. Water used across treatments ranged from 
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22.8 to 37.7 cm for BJ 104 and 32.8 to 47.1 cm for ICH 412. WUE for TDM across treatments 
was 125 to 299 kg ha" cm" for BJ 104 and 81 to 228 kg ha-' cm" for ICH 412. Similarly the 
WUE for grain yield ranged from 25 to 121 kg ha.' cm" for BJ 104 and 15 to 74 kg ha1 cm" 
for ICH 412. Similar trends in the results were obtained during the 1984 season, however the 
water use by the crop was higher and WUE for grain and TDM were lower. Seetharama et al. 
(1984) reviewed the work done at ICRISAT and at other sites on drought stress, water use, and 
WUE of pearl millet. Millets have different levels of rainfall utilization resulting in different 
rainfall and WUE. Water use by pearl millet at IAC ranged from 10 to 30 ctn with the 
corresponding biomass and grain yields ranges from 3,130 to 8,090 kg ha-' and 1,100 to 2,230 
kg ha", respectively. WUE ranged from 220 to 374 kg ha" cm" for biomass and 74 to 116 kg 
ha" cm" for grain yield. 
Water use-yield relations in sorghum 
During 1983184 and 1984185 postrainy season we conducted field studies to examine the yield 
response of sorghum (cv.CSH 8R) to water use, and to determine the sensitivity of yield to water 
deficit at different growth stages and at three nitrogen application rates (40, 80 and 120 kg N 
ha") (ICRISAT, 1986). A line-source sprinkler irrigation technique was used to apply different 
amounts of water during different phenophases of sorghum (ICRISAT, 1987). 
Total seasonal water use accounted for 70 to 80% of the variation in sorghum grain yield with 
different nitrogen application rates. Accountability improved to 84 to 86% when actual 
evapotranspiration (ET) or the ratio of actual to maximurn evapotranspiration (ETET,) was 
considered separately for GS1, GS2, and GS3 growth phases. Relative yield (ratio of actual to 
maximum yield, Y/Yn,) was also regressed against ETET, with the assumption that when 
ETET, = 0 at any growth stage then Y/Yn, = 0. About 84% variation in Y/Yn, could be 
accounted for when ETl'ET,, was considered at three growth stages. Crop sensitivity to drought 
depended upon both the amount of nitrogen fertilizer applied and crop growth stage. 
Water and nitrogen effccts on water and light use by sorgl~um 
In 1989, we studied the water and nitrogen (N) application effects on growth and yield, water 
and light use by rabi sorghu~n grown on a Vertisol. Water use by the crop ranged from 19.9 to 
22.0 cm in the nonimgated treatnient and 36.7 to 41.6 cm in the irrigated treatment. Of the total 
water use soil evaporation was estimated to be 4.85 cm for the nonirrigated treatment and 8.24 
to 9.45 cm for the irrigated treatment (Lee et al. 1996). Both water and N strongly affected leaf 
expansion, whereas specific leaf area was independent of the treatments. A decrease in  radiation 
interception with decreasing N was the main source of yield differences. Radiation use efficiency 
(1.3 to 1.4 g/MJ) was independent of N application and leaf N concentration (Rego et 01. 1996). 
Below 45 cm soil depth, volumetric water content was a negative exponential function of time 
after roots arrived and the maximum depth of water extraction moved downward at 2.6 to 4.9 
cm d" in various treatments (Table 25) (Piara Singh et al. 1996). Averaged over N rates, the time 
constant of the exponential function was inversely related to the root length density increasing 
with depth from about 14 to 19 d as the root length density decreased from 4 to 2.5 km m-'. The 
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biomass-water ratio was almost independent of N but increased from a mean of 5.3 g kg" in the 
dry treatment to 6.9 g kg'' with irrigation. When normalized by the seasonal mean difference in 
vapor pressure deficit within irrigated and nonimgated plots the ratios were 13.1 and 13.3 kPa 
g kg" respectively. 
Water and fertilizer use efliciency of sorghum and pearl millet 
Kanwar et al. (1984) reviewed the work on fertilizer and WUE of pearl millet and sorghum in 
Venisols and Alfisols of semi-arid India. N application resulted i n  better use of rain, imgation, 
or stored water, and permitted the use of higher population density, or better cropping system for 
increasing crop productivity. Rainfall use efficiency of sole sorghurn at IAC decreased with 
rainfall exceeding 550 mm during kharif, and by lower rate of N. The use of stored water and 
the applied N by rabi sorghum was related to water-holding capacity of soil, and the rainfall 
during the preceding monsoon. Sorghum with higher yield potential always had higher rainfall 
use efficiency and fertilizer use efficiency than pearl millet. 
Timing of water deficit, water use, and yield of groundnut 
Several experiments were conducted at IAC during the 1980 to 1983 to study the effect of water 
stress on groundnut yield, water use, and other physiological responses of groundnut (Rao et al. 
1985; Sivakumar and Sarma, 1986; and Rao et al. 1988). In all these experiments the line source 
irrigation technique was used to create different intensities of water stress during various growth 
stages of groundnut. The growth stages studied were emergence to flowering, emergence to 
pegging, flowering to seed growth, seed growth to maturity, and continuous stress from 
emergence to maturity. Water use by the crop in these experiments ranged from 16.9 to 83.1 cm 
and pod yields from 75 to 5,480 kg ha". The salient points of these studies were that 
evapotranspiration-yield relationship showed a strong interaction with timing of drought. That is, 
at the same level of crop water use different pod yields were obtained in some stress treatments. 
The greatest reduction in kemal yields occurred when stress was imposed during the seed filling 
phase. Decreased imgation during the early phase increased pod yield relative to the fully 
irrigated control treatment by 13 to 19% during different years. This may be attributed to i) the 
promotion of root growth during water stress, which promoted subsequent stomata1 conductance 
and growth rates during pod-fill; and ii) inhibition of the number of vegetative sites (leaves and 
branches). When the stress was released, the plants could set more fruiting sites with existing 
assimilates the vegetative sites demanding assimilates are seduced. Yield advantage due to 
moderate water stress during pre-flowering phase was associated with greater pod synchrony after 
the release of water stress, which resulted in the production of more mature pods combined with 
adequate canopy and crop growth rates. 
Water use and water extraction by groundnut genotypes 
Mathews et al. (1988) studied the water use and dry matter production of four groundnut 
genotypes to understand the physiological basis for yield differences between four genotypes of 
groundnut. The four genotypes transpired similar amounts of water (22.0 to 22.6 cm) over the 
Page # 89 
season, but produced different amounts of shoot dry matter (3,900 to 4,900 kg ha-' cm). The 
extraction front of Kadiri 3 moved most rapidly (1.24 f 0.3 c d d )  down the soil profile which 
may have enabled it to maintain the fastest rates of transpiration when soil water depletion was 
the greatest (Fig. 17). The descent of water extraction fronts for other genotypes were 1.13 f 
0.03 for TMV2, 1.22 f 0.04 for NCAc 17090, and 1.12 f 0.02 c d d a y  for EC 76446 (292). Tap 
root extension of Kadiri 3 in the first 32 days after sowing was also the fastest. NCAc 17090 
was most efficient compared to the other genotypes in extracting water from the upper 40 cm of 
the soil, immediately after irrigation, but this had little value in determining the pattern of water 
availability in this experiment. Differences in the water extraction characteristics of these 
genotypes explained little of the variation in dry matter : water ratio, and did not account for the 
major variation in harvest index associated with drought. 
Sowing densities and water use by groundnut 
Simmonds and Williams (1989) studied the transpiration and soil evaporation of groundnut grown 
at four plant densities (0.6, 6.6, 11.4, and 23.0 plants m'2). Evaporation was estimated from the 
changes in soil water content and partitioned between transpiration and evaporation from soil. 
Seasonal transpiration was strongly influenced by plant population, and approached a maximum 
as the plant population density increased to 23 plants m'2. Evaporation from soil surface was 
only a small component of the seasonal water balance in dense stand, and was little effected by 
planting density. Differences in transpiration rate between spacings were greatest early in the 
season, but diminished with the decrease in soil water availability towards the end of season. 
Denser stands extracted more water from deep in the profile. Plants in underlay spaced rows 
preferentially extracted water from near the row and water in mid-row was only used later in the 
season. 
Sowing dates and water use by chickpea 
Response of chickpea to water availability was studied in several experiments conducted at IAC. 
Sivakumar and Piara Sing11 (1987) found that irrigation and sowing dates had a significant effect 
on yields and water use by chickpea. The seed yields of the two cultivars (Annigeri and L 550) 
were maximum with early October sowing and the yields declined with later sowings. The seed 
yields of Annigeri ranged from 1,700 to 2,200 kg ha-' and that of L 550 from 1,730 to 2,250 kg 
ha" over various irrigation and sowing date treatments. The total seasonal water use ranged from 
9.6 to 29.4 cm for Annigeri and 10.5 to 27.9 cm for L 550. Similarly, the water use efficiencies 
for seed production ranged from 64 to 157 kg ha-' cm" for Annigeri and 46 to 96 kg ha" cm" 
for L 550. Lower yields with late sowing were because of high temperatures during the period 
from flowering to maturity which reduced the time to maturity and seed size. Efficiency of 
applied water was also low for the late sown crops. Sivakun~ar (1986) further analyzed these 
data and found that total water use by chickpea was inversely related to the stress degree days 
(SDD) accumulated by the crop. He also found the SDD and the water stress index, which 
includes the water stress term, were also correlated with the chickpea yields over the three 
growing seasons. 
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Timing of water deficit, water and light use by chickpea 
In order to develop parameters for modelling of chickpea growth and development, the work on 
response of chickpea to water availability was further pursued using the line source inigation 
technique to create various intensities of water deficits during different phenophases of chickpea 
(Piara Singh and Srirama, 1989; Piara Singh and Virrnani 1990; and Piara Singh 1990). The 
analysis of the two years' data showed that both total dry matter and seed yields were more 
strongly correlated with the normalized ET (? = 0.92 for TDM and R2 = 0.82 for seed yield), 
defined as ratio of ET to saturation vapor pressure deficit of the air, than with actual ET (? = 
0.56 for TDM and r' = 0.40 for seed yield). Further partitioning of total ET into two or three 
phenophases and regressing seed yield against them did not improve the predictability of the 
models. 
The data were further analyzed for radiation use and transpiration efficiencies. Radiation use 
efficiency (RUE) was 0.67 E/MJ for the irrigated and 0.55 f l J  for the stressed treatments. RUE 
was not effected by water stress when at least 30% of extractable soil water (ESW) was present 
in the rooting zone of chickpea; but below 3 0 8  ESW, RUE decreased linearly with the decrease 
in water content. RUE was also significantly correlated (r' = 0.61) with the ratio of actual to 
potential transpiration (TDp) and it declined linearly with the decline in T P p .  Transpiration 
efficiency (TE) decreased with the increase in saturation deficit (SD) of air. Normalization of TE 
with SD gave a conservative value of 4.8 g kPa kg" (Table 26). Piara Singh (1991) also found 
that the duration of various phenophases was also inversely correlated with ET-deficit 
experienced by the crop. Water stress also increased the partitioning of assimilates to the pods 
by about 10%. 
Water use by intercrop and sequential cropping systems 
We studied the water use and WUE of intercrop and sequential cropping systems at low and 
medium fertility in operational scale plots on Vertisols, medium-deep Vertisols, Vertic 
Inceptisols, and Alfisols at IAC (ICRISAT, 1984). The water use by the cropping systems ranged 
from 64.9 to 73.7 cm on a Vertisol, 62.4 to 70.6 cm on a medium-deep Vertisol, 59.3 to 63.8 cm 
on a Vertic Inceptisol, and 55.0 to 59.7 cm on a Alfisol during the 1982-83 season. Across soil 
types sorghudpigeonpea and maizelpigeonpea intercrop systems and sorghum-safflower 
sequential systems used more water than other cropping systems. Generally legume-based (except 
long duration pigeonpea) cropping systems used less water than the cereal based systems. 
Because of the high rainfall during the season the effect of fertility on water use (ET) was 
insignificant. It was concluded from this study that for efficient use of resources on deep and 
medium-deep Vertisols the best cropping systems are sorghudpigeonpea, sorghum-chickpea, 
sorghum-safflowerland maize-chickpea. On Vertic Inceptisols and Alfisols the sorghudpigeonpea 
and milleVpigeonpea were the most efficient systems. GroundnuVpigeonpea also had good WUE 
at low fertility. Milletlgroundnut and mungbeanfcastor were relatively poor in WUE and seed 
yield. 
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Cooperation with National Agricultural Research System (NARS) 
and International Agencies 
During the period of research reported in this review, we collaborated with several national and 
international research institutes and agencies in the area of water balance and resource use studies 
in the SAT environment. This provided an opportunity to the ICRISAT scientists in Asia and 
Africa to imbibe new techniques and methodologies in their research. We also developed joint 
research projects with the national scientists to quantify water balance components under o n - f m  
situations. We also trained the national scientists in agroclimatic data analysis and soil water 
balance studies. In collaboration with international agencies an international workshop was held 
on water balance of the Sudano-Sahelian Zone in February 1991 at Niger to identify research 
priorities and to develop future plans on water balance research. In India, the scientists of the 
ICAR coordinated research project on agrometeorology were provided training in agroclimatic 
data analysis, soil water balance and crop water use, and instrumentation. Some of the 
cooperative links are listed below: 
Water balance and water use by pearl millet 
- University of Nottingham, School of Agriculture, U.K. 
- Institute of Hydrology, U.K. 
- Haryana Agricultural University, Hisar, India. 
Water balance and water use by groundnut 
- University of Nottingham School of Agriculture, U.K. 
Studies on microlysimetry to measure soil evaporation 
- University of Reading, U.K. 
Workshop on water balance in  Sudano-Sahelian Zone 
- Institute of I-Iydrology, U.K. 
- Overseas Developlnent Agency (ODA), U.K. 
- World Meteorological Organization (WMO) 
- International Association of Hydrology Sciences (IAHS). 
Risk-probability mapping for pearl millet production in West Africa 
- University of Holienhei~n, Stuttgart, Gennany. 
Water balance modelling 
- Michigan State University, USA. 
- Institute for Agricultural Research, Ahmadu Bello University, Zaria, Nigeria. 
- University of Hohenheim, Stuttgart, Germany. 
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Future Plans 
In future the water balance and crop water use research in  Asia and Africa will be conducted to 
study the integrative effects of different soil and crop management practices on crop productivity 
and resource use efficiency. This will be carried out within the new Integrated System Projects 
(ISPs) developed at ICRISAT. 
In the Integrated System Project 1 (ISP1) Africa we will study the effect of various soil and crop 
management practices on water balance and water use efficiency of millet-based systems in West 
Africa. In India we will study the rainfall use efficiency of millet-chickpea system in the eastern 
margins of Thar desert. Soil water conservation and nutrient management practices will be 
evaluated to improve rainfall use efficiency. 
In the Integrated System Project 2 (ISP2) we plan to quantify the water balance and rainfall use 
efficiency of groundnut- and sorghum-based systems under traditional and improved management 
in order to assess the opportunities for "in-situ" water conservation and thereby increasing crop 
productivity. Similar work will be extended to imgated rabi groundnut system in India to 
improve imgation use efficiency through the application of crop simulation and water balance 
tnodels. 
In the Integrated System Project 3 (ISP3) we will evaluate the opportunities for double cropping 
by characterizing soil water balance of Venisols and Vertic Inceptisols. Various land-forms and 
soil management practices will be evaluated for modifying the soil water balance to improve 
rainfall utilization. Opportunities for increasing water supplies through water harvesting and 
ground water exploitation will be assessed. 
The Integrated System Project 4 (ISP4) aims to improve legumes production in the rice and 
wheat based cropping systems of South and South-east Asia. We are quantifying the soil water 
availability spatially and temporally for more precise matching of phenology of legumes 
(pigeonpea, groundnut, chickpea, lentils, etc.) to available soil water. Genetic and agronomic 
management options will be evaluated to minimize the effects of hard plow pans in rice fallows 
on root development and water uptake by legumes. 
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Table 23. Effects of N, P and K fertilizer on water use (WU), grain yield (Y) and water-use 
efficiency (WUE) for pearl millet grown at 3 sites in Niger during rainy season 1985. 
Site Rainfall Treatment , WU Y WUE 
(mm) (mm) (kg ha-') (kg ha.' mrn-') 
Sadore 543 Fertilizer 382 1570 4.14 
No fertilizer 373 460 1.24 
Dosso 583 Fertilizer 400 1700 4.25 
No fertilizer 38 1 780 2.04 
Bengou 71 1 Fertilizer 476 2230 4.68 
No fertilizer 467 1440 3.08 
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Table 24. Effect of five drought-stress treatments on WU and WUE for grain yield and 
TDM production by two pearl millet cultivars, Alfisols, ICRISAT Asia Center Patancheru, 
Summer 1983. 
WUE (kg ha" c~n") 
Drought WU (cm) Grain yield TDM 
stress 
treatments' BJ 104 ICH 412 BJ 104 ICH 412 BJ 104 ICH 412 
1. Mo = Adequate moisture supply throughout the growing season; 
M, = Drought stress during emergence to panicle initiation (GS1); 
M, = Stress during panicle initiation to anthesis (GS2); 
M, = Stress during anthesis to physiological maturity (GS3); and 
M, = Stress during later part of GS2 to end of GS3. 
2. Standard error of the difference between two treatments for the same cultivar. 
3. Standard error of the difference between two cultivar means at the same level of moisture. 
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Table 25. Parameters derived from the extraction equation O(z, t) = 8,(z) exp(-(4-du)/r(z)). See footnote for 
the explanation of symbols and parameters. 
Nitrogen levels (kg ha-1) 
Parameters 0 30 60 90 120 150 
Lmirrigated 
26 f 9 
3.2 f 0.5 
0.89 
16.0 f 4.8 
lrrigared 
46 f 9 
3.9 f 0.4 
0.94 
16.2 f 8.1 
0, ( 2 )  = Maximum available water at depth z and time t = 0 (cm3/cm') 
0 (z, 1) = Available watcr at depth z and time t (cm3/cm3) 
f = The apparent time when the extraction front starled to desend (d) 
u = Extracton front velocity (cm/d) 
T = Time constant of Ihe equation (d) 
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Table 26. Erect  of water supply on transpiration efliciency (TE) of chickpea and its norrnnlimtion with 
saturation deficit of air (SD) for irrigated (I) and non-irrigated (NI) plots of the three experiments. 
Normalized TE 
(g kPa kg") 
Season' Cultivar I NI 1 NI I M 
1984 Annigeri 
K 850 
G 130 
1985 Annigeri 
Mean 
cv (%) 
Grand mean 
cv (%) 
1 = For the 1985 and 1986 season experiments. irrigated and non-irrigated plots refer to the area 3.6 and 16.4 m 
away from the line source, respectively. 
As13 pue '111s 'PUBS 1ua31ad 
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Days after sowing 
0 40 80 120 
I 
Fig. 17. Changes in depth of the water extraction front of 4 groundnut genotpyes with 
time. 
Symbols: TMV 2, A Kadiri, 4 MCAc 18090, and = EC 76446 (292). 
NUTRIENT MANAGEMENT 
T.J. Rego, A. Bationo, K.K.Lec, J.V.D.K. Kumar Rao, 
S.P. Wani, B. Seeling, C. Johansen and R.J.K. Myers 
The objective of nutrient management researcll at ICRISA'T was to detcm~ine the most 
appropriate means of alleviating the important nutrient constraints that limit crop productivity 
in the rainfed Semi Arid Tropics (SAT). 'This required subst:untial research activities in 
three ~nain areas: 
Characterization of the occurrence and severity of [lie main nutrient deficiencies, and relating 
these to environ~nental and agronomic factors. 
Determination of technical options for alleviating these deficiencies. 
Selecting solutions wliicli best acco~n~nodate the socio-ecoilomic constr;~ints of tile farmers. 
The importance of individual notrients i n  different crops was investigated in Iiinny previous 
empirical agronomic experiments botli by the Natiorial Agricultural Researcli Systems (NARS) 
and ICRISAT. Nitrogen ( N )  and pl~ospliorus (P) :ire [lie two most important nutrient deficiencies, 
addressed in ICRISAT research. Prior to 1990, at IAC, the major elllphasis was on N with a 
lesser enipliasis on P, whereas at ISC, P research received priority. At IAC an~lual expzrilnents 
were conducted aiming to detem~ine tlie N fertilizer requirements of cereals, and the 
environmentnl and agrono~nic factors tliat influence crop needs and N fertilizer use efficiency. 
Medium- to long-term (4 to 8 years) experiments were also conducted to investigate the needs 
for annual inputs of N, P, and K in improved cropping systems, especially the minimum inputs 
needed for long-tenn n~aintenance of soil fertility. At ISC, annual experi~nents aimed to 
detel~nine the crop requirement of P and N fertilizers, and the efficiency of different sources of 
P. Experiments to quantify the benefits of crop residue incorporation were also conducted. 
During the last five years (1991-1995), research on N was again given priority at IAC, whereas 
at ISC there was e~nphasis on P, N, molybdenu~n, and organic amendments. 
Nutrient Research at IAC between 1991 and 1995 
Continuing fro111 earlier work, the role of biologically fixed-N, rnainly tlirough legumes to 
alleviate the N deficiency in cereals was studied in greater depth. At the same titile, some 
strategic research on fertilizer-N was also carried out with the aim of understanding processes 
in the soil-plant system. Some work was also carried out to understand the processes of P 
availability in Vertisols. 
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Nitrogen 
Biological-N Fixation (BNF) 
IAC has given considerable research attention to the study of nodulation and N fixation by 
groundnut, cliickpea arid pigeonpea-three of its mandate crops (Ku~nar  Rao, 1990, Na~nbiar et 
01. 1988). Some salient points of researcli using tlie "N isotope dilution method are given below 
in the context of the present review. 
In  groundnut, 8 6 4 2 %  of the total N was estimated to be derived from symbiotically-fixed N in 
a low-N field (Giller er ul. 1987). Groundnut intercropped with cereals such as maize, millet, 
a ~ i d  sorglium fixed less N than sole groundnut. Tliere was no significant residual N effect of a 
postrainy season groundnut crop on a subsecluent miny season millet crop while, a rainy season 
groundnut crop left residual N ,  probably in tlie fonn of fallen leaves for tlie followi~ig crop. 
In chickpea, it was estimated tliat a single crop could fix up to 40 kg N ha-' in soutlieni and 
central India. Genotypic differences in extent of noduliltion Iinve been obse~ved. Tlie effects of 
temperature, soil moisture arid soil available N levels on N fixation by cliickpea have been 
quantified, showing for example tliat nodule development and symbiotic activity is severely 
inhibited when root-zone temperatures exceed 30°C. 
I n  pigeonpea, 90% (of N in a n1ediu111-duration pigeonpea, grown ;IS a. monocrop in a Vertisol, 
was derived from fixi~tio~l. I n  intercropped pigeonpea the proportion fixed was 96% and tliere 
was no evidence of inl~tiediate benefit to tile intercropped sorglium. 'The benefit to the following 
maize crop of a ~iiediu~n-duration pigeonpea grown on a Vei.tisol was estimated at about 40 kg 
N ha-', compared to fallowing. Genotypic differences in nodulation of pigeonpea have been 
confirmed and residual effects on subsequent crops liave been found to be greater for liigli- 
nodulating tlian low-nodulating pigeonpeu grown on Alfisol. 
Quantification of nitrogen derived f rom N fixation in sole a ~ i t l  intercrop pigeonpen 
A field experiment was conducted to obtain the N balance sheet for sole crops and intercrops of 
sorgliu~n (Sot.yhirnt Dicolot. (L.) Moencli) and pigeonpea (Cu.jutrus cujutl (L.) Millsp.). 
Intercropping gave a significant adva~itage over sole cropping in teniis of dry matter production 
arid grain yield. Tlie N fertilizer use efficiency and atmosp1te1.i~ N fixation by pigeonpea were 
estiniated using '%-labelling and ~iatural abundance ~netliods. 
The N fertilizer use efficiency of sorgliu~ii was unaltered by tlie cropping system, while tliat of 
tlie pigeonpea was greatly reduced by intercropping. Altliougli intercropping increased the 
fractional contribution of fixed N to the pigeonpea, no significant difference was observed 
between the cropping systems in total sy~ilbiotically fixed N (Table 27). Tliere was no evidence 
of a significant transfer of N fro111 tlie pigeonpea to the sorglium. This s t i~dy showed that use 
of soil N arid fertilizer N by pigeonpea was alniost the same as tliat by sorglium in sole cropping, 
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inclicating the potential competence of pigeonpea to exploit soil N. However, when N was 
exhausted by a companion crop in intercropping, the pigeonpea crop increased its dependency 
on atmospheric N fixation (Tobita pr (11. 1994). 
Nitrogen balance sheet for different crol~pirig syslcrlis irlvolvirig legumes 
In an experiment conducted on an Alfisol with different cropping systems, a positive nitrogen 
balance wits observed in only one system. Sole pigeonpea grown in sotiition with sole castor 
had a positive balance of 18 kg N Iia-' during two years of crop rotation (Titble 28). These 
results show that the legu~nes also can mine soil N, as cereals do, tinder cert;tin conditions. 
However, total N yields fro111 legumes are far higher than cere;~l plant N yields. Thus in case 
of grain legittnes, where crop residues are removed, a slow decline of, ratller tliiin an 
enliance~nent in the soil N fertility may occur in colnparison to a rapid decline of soil N after ;I 
non-fertilized cereal crop (Lee ct 01. 1993). 
N a t l ~ r a l  "N-abuntlancc t e c h n i q ~ ~ c  for  estimating N fixiltion in Icgunies 
Nitrogen accu~nulation and natusal "N abundance in three legumes (groundnuts, cowpea itnd 
soybeans) and i n  two cereals (sorghuni and ~naize) was investigated in two seasons on Alfisols 
with and witliout N fertilization. Using the N uptake and nati~ral "N ;tbund;ince of 
nun-nodulnting plants for the quantification of N derived from soil and fertilizer, tlie N derived 
froln atmosplleric N was calculated for nodulated pliints. Groundnut contained 85% 
atmosphere-derived N,  but this percentage decreased with N feltilizer application. Estimates of 
atmosphere-derived N by the N difference and "N abi~ndance tecllniqt~e gave identical results. 
The proportions of at~nosphere-derived N, estimated by the two methods at different stages of 
groundnut growth, were also si~nilar. Atmosphere-derived N was also estimated in plants grown 
with 0-200 kg ha-' applied N. Atmospllere-derived N ranged froni 42 to 61% for groundnuts, 
from 33 to 77% for cowpeas, and f r o n ~  24 to 48% for soybeans, depending on the ;tmount of N 
applied. The nati~ral '% abundance of sorghii~n and maize was very close to that of the 
non-nodulating groundnut, suggesting that these cereals can be used as reference plants in the 
estimation of at~i~osphere-derived N by the natural "N-abundance metliod (Yoneyama ct 01. 
1990). 
Nitrogen requirement a t  different growth stages of short-duration pigeonpe:~ 
The response to N fenilization of a sI101.t-duration pigeonpea, ICPL 87, was stitdied in the field 
to assess the scope for genetically improving sylnbiotic N2 fixation by pigeonpea. The field 
study was undertaken for three seasons on four soil types (Venisol, Alfisol, Inceptisol and 
Entisol). Nitrogen fertilizer was applied to the soil at various growth stages to detennine when 
N becomes n o s t  limiting. There was a significant response in grain yield to fertilizer N applied 
at flowering in the Vertisol but not in the other soils. BNF by short-duration pigeonpea was thus 
not adequate to meet the N requirements of the crop grown on the Vertisol and therefore there 
is a need for genetic itnprove~nent of the N-fixing ability of these short-duration pigeonpeas 
when grown on heavy-textured soils (Kumnr Rao ct 01. 1995). 
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Identification of nonnotlulating chickpea and pigeonpea 
No~i~lodulating lines are valuable in assessment of tlie amount of BNF in a legume. Crop 
physiologists at ICRISAT have identified a number of lines in cliickpea which are 
indistinguishable from their respective parent accessions for plant growth except for nodulation 
and nitrogen fixation, and niost yielded similarly to their nodulating (Nod') accessions when 
supplied with 50 to 100 kg N ha-'. Recently a large nu~nber of pigeonpea lines were screened, 
plants with low and high nodulation were identified, and progenies of these lines were advanced. 
After two cycles of pure line selection, tlie selected lines maintained tlieir relative nodulation 
ratings. These discoveries should have a major impact on BNF research in future (Rupela, 1992; 
Rupela and Joliansen, 1995). 
Selection of high mineral-N tolerant chickpeas 
Mineral N is known to suppress BNF. In  some legumes as little as 20-30 mg kg-' soil of 
tnineral N call be inliibitory to BNF. Researchers on BNF have tried genetic manipulation of 
rliizobia in order to Iiave nitrate-tolera~it symbiosis. At ICRISAT an alternative approach, that 
of N-tolerant sy~iibiosis through host plant selection lias been tried in  cliickpea. A large nu~nber 
of cliickpea lines liave been screened using high soil N (25-30 mg N kg-' soil) in field 
conditions, and 392 pln~its represe~lting 85 entries have been selected. Further screening of this 
selected material is continuing (Rupela and Joliansen, 1995). 
Effect of high notlulatiiig selection of cliickpea cultivar on yield ant1 soil [~rol)erties 
A Iiigll-nodulating (HN) chickpea selectio~i from variety ICC 4948 produced only muginally 
Iiiglier grain yield (3.3 to 6.9%, 1t1ei111 of tile two N levels) than that of the unselected ~ionnal 
variety and tlie low-nodulating (LN) selection. The H N  selection fixed significantly more 
atmospheric N at low soil N (as ~neasured by acetylene reduction activity) and also supported 
increased microbial activity in  tlie rhizosphere. Also, at low soil mineral N level, the ~i~icrobial 
flush C:N riitio i n  [lie plots of tlie H N  selection was nnssower (16.0) than in plots of the LN 
(24.4) arid norinodulating (20.4) selections. Increased microbial activity, along with a narrower 
flush C:N ratio i n  tile case of H N  selectio~ls conipi~ed to tlie I,N selection, lead to an increased 
availability of N for tlie following sorghu~n crop wliich sesulted in an extra uptake of 20 kg N 
ha-' by cliickpea and sorglium toge~lier. Tliese results indicate tlie benefits of HN selectio~ls of 
cliickpea under low soil N co~iditio~is (Rupela et u l .  (submitted for publication)). 
Beneficial effects of l egu~~ies  on crop productivity of succee(ling cereals 
Despite tlie negative N balallces for grain legumes grown in rotation or as intercrops, many 
researchers throughout the world have reported benefits of legumes to succeedi~ig nou-legume 
crops. Generally i t  lias been found elsewhere that improve~i~ents in cereal yield following 
monocropped legutnes lie n~ainly in tlie 0.5 to 3 t ha-' range, representing around 30 to 350% 
increase over yields in  cereal-cereal croppi~ig sequences. In a long-term cropping system rotation 
experi~nent on Vertisols conducted since 1983 at IAC, residual effects of legu~ne-based crop 
Page # 104 
rotations were assessed by co~nparirig sorghum growth followirig a year when a legu~ne was 
grown with sorghum after a year when only non-legunles were grown. Amongst tlle treatlnents, 
the following are informative-sorgli~~~n-safflower sequence, cowpea-pigeonpea intercrop, 
sorghum-pigeonpea intercrop, and sorg1iun1-chickpea seq~rence-all followed by sorgliirln as the 
neit  crop in the subsequent year. For il 10-year period, an increase in yield of sorgl i~~ln  following 
legume was observed. This increase was attributed mainly to tlie N contribution from the legumes 
in the crop rotation. The benefit to the following sorglium of tlle cowpedpigeonpea ( C P P )  
intercrop was equivalent to nearly 40 kg N 1ia-l applied as fertilizer, wliereas that of tlie 
sorgliuln/pigeonpea ( S P P )  intercrop was about 20 kg N ha-', and tliat of [lie sorgl i~~~ntc l i ickpea  
(StCP)  rotation was only about 10 kg N Iia-I. Tlie 10-year average grain yieltl of sorglium was 
nearly 3.2 t ha-' after C P P ,  whereas on the continuous non-legunie system (S+SF) i t  was 1.4 
t 1la-l (Fig.19). One cannot attribute all the benefits of legu~nes to N effects only. However, we 
liave observed tliiit mineral N in the soil before planting sorghuln is lliglier i n  tlie legume-based 
cropping syste~n than tlie lion-legume based system. 
The N mineralization potential (No) of tlie soils under the pigeollpea-based cropping systems was 
allnost double that of traditional ~ ~ I I I O W - S O S ~ I ~ L I I I I .  'fhe "active N fraction" (N,, as ii percentage 
of N,,,,,) was 9-17% with tlie liigliest vcilues in the soil under pigeonpea-based systems (Wani 
el ul. 1995b). Thus Iiiglier N availability in legume-bnsed systems ~nigllt Iiavc resulted ill higl~er 
N uptake nnd higher gmin and biomass yield of sorghunl. Kcsearcll is in progsess to cluantify the 
factors otlier thai  N, such as soil structural improvc~nent, ~nycorrliizae, ~nicrobial biomass, etc. 
(Rego and Burford, 1992; Rego and Seeling, 1995; Wiini cr (11. 1995ii). 
Total effects of grain legunies on soil-N fertility ant1 soil organic cat-hon (C) status 
Soils salnpled from the above long-term experiment at tlie start of tile experiment in 1983 and 
again in 1993 liave been analyzed. I n  the fiillow-sorgliu~n system, total soil N was decreased by 
72 mg g-' soil after ten years. S+SF-S+SF plots also showed decreased totul soil N. Both 
SPP-S+SF and CPP-S+SF systenls had increased total N in tile 0-15 cm layer. In  the 
S+CP-S+SF system, soil N was unclii~nged. However, soil organic C followed different trends. 
The non-legume S+SF-S+SF and tlie chickpea-based S+CP-S+SF system liad a decline in soil 
organic C, while S P P - S t S F  and CPP-S+SF maintained the soil organic carbon status (Table 
29). These resnlts demonstrated tliat pigeonpea-based cropping systems increased the total soil 
N substantially and also maintained soil organic C. 
Pot experiments with soil from this experiment, and using 1 5 ~  tracer techniques, indicated tliat 
the legume benefits expressed in terlns of fertilizer equivalent are sliglitly overesti~nated. This 
satdy also indicates tliat there may be some benefits additional to those from N which also 
increase the biomass and grain yield of tlie succeeding sorghum crop (Rego and Seeling, 1996; 
Wani et ul. 199%). 
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Associative N,-fixation in pearl millet and sorgl~urii 
Pearl millet and sorghum are grown on nutritionally poor soils in the semi-arid tropics often 
without addition of fertilizers. The role of non-symbiotic N fixation in the nutiition of these two 
cereals has been studied. Wani (1988) reviewed research on development of assay tecllniques for 
measurement of biological N fixation, environmental and plant-related factors affecting N 
fixation, isolation and screening of N fixing bacteria and screening of sorghuni and pearl millet 
genotypes to find out genotypic differences in  N fixation. The research results on the response 
to inoculation in  these two cereals were not consistent. Wani et ul. (1988) concluded that 
responses to inoculation are mainly attributable to increased plant N uptake which could be the 
effect of growth-promoting substances secreted by bacteria. Thus the contribution fro111 BNF may 
be small. Subsequently, Lee et ul, (1994) recorded that tlie mean nitrogenase activity (GH, 
reduction) in pearl millet throughout tile growing period was <0.1% of that in pigeonpea, and that 
the activity i n  sorgllu~ii was only 1.3% (of that i n  chickpeil. Nitrogen balance studies in pots, 
using pigeonpen as reference, and Iiieasurenient of natural abundilnce of '3 (6 "N) using 
groundnut ;IS reference did not show N gains by these cereals i~>oculated with N-fixing bacteria. 
Uptake kinetics o f  an~rnoniu~n ~intl  nitrafe in legumcs ilnd cereals 
I~lflux isotlle~ins were obtained for nitrate and ammoniu~n from three legu~nes, pigeonpea, 
chickpea and groundnut, a~ld three cereals, sorgllun~, pearl ~nillet, and tnaize. The transition in  
influx isotllerms for both nitrogen sources was fo i~~ld  to be within the concentration range 
(0.05-2.5 mM) tested. 'There were significant differences i n  K,,, and V,,,,, for a~nrnoniu~n between 
legunies and cereals. The difference in  the kinetic properties for nitrate uptake between the two 
groups of plants o~lly became apparent at the lligller concentration tested. Legumes translocated 
absorbed nitrate and am~iloni~im to shoots mo1.e rapidly than cereals. Results showed that there 
are significant differences in  uptake and translocation of a~n~nonium and nitrate between legunies 
and cereals (Rao rt ul .  1993). 
Soil solution nitrogen tlynanlics 
Nitrate conce~itration i n  the soil solutio~l extracted by Ineans of ceramic porous cups was foulid 
to be Iiighest at the beginning of the cropping season and decreased rapidly thereafter. Only a 
trace of nitrate was found i n  soil solutio~l at 50 days after sowing under a sole sorghum crop 
while under sole pigeo~ipea detectable irmounts were found even up to 70 days after sowing 
(Adu-Gya~nfi cr ul. 1996). 
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Phosphorus 
Behaviour of Phosphorus in Vertisol 
Phosphorus deficiency is a major nutritional disorder wliich often constraints productivity of 
Venisols. In  collaboration wit11 Central Research Institute for Dryla~id Agriculture (CRIDA), 
ICAR, we assessed the P status of these Vertisols and studied tlie reiisolls for poor response to 
P application of dryland crops growri on tliese soils. 
Phosphorus adsorption/desorption stutlies 
Five bencli~nark locations (Akola, Bijapur, Hyderabnd, Solapur, and Kovilpatti) were selected. 
A high P adsorption capacity (156 11g g-' soil) was obsetved for Sol;ipi~r soil ilnd lowest P 
adsolption capacity (42 ~ i g  g-' soil) was obsetved for Kovilpatti soil u t  0.2 pg 11il" of P at 
equilibriii~n in solution. In  the Vertisol profiles the major (58%) part of the itdsorbed 1) was 
desorbed by 0.5 M NaHCO, during two successive desorptions. More P was desorbed during 
the first desorption than during the second desorption. 'Tile adsorption data were fitted well with 
the Freundlich and modified Freundlicll and Dublin equations. Tlie Telnpkin equatic~n did riot 
fit well to this data set. Tlie Vettisol salnples from Akola were liigll in cliiy (73%), and cnlcii~m 
carbonate (13.3%) leading to high P fixation (97% of added P), altlio~~gll 57% of tlie iidded P was 
desorbed. Vertisol of si~nilar  origin contained less cliiy (61%) and ci~lciunl carbonate (3.3%). 
Despite this, 99% of added P wils fixed and 57% wiis desorbed. Soils at Bijiipur originated from 
basalt trap containing 71% clay and Iiigll calcium carbonate (18.9%), resulti~lg in 96% fixation 
of added P. However, 53% of added P was released with desorption. Soils at Kovili~atti 
originated from granite atid Iiad low clay (47%), moderate calcium carbonate (9.5%), Ilad lower 
P fixation capacity (83%), and high (66%) P desorption capacity. 
Role of Vesicular Arbuscular Mycorrhiza (VAM) in P Nutrition 
Vertisol 
Vesicular arbuscular nlycorrllizal fungi fonn rnutualistic associations with most agricultural crops. 
VAM has been associated with increased plant growth and enhanced a c ~ u n l t ~ l i l t i ~ ~ ~  of plant 
nutrients (~nainly P, Zn, Cu, and S) through greater soil exploration by mycorrliizal Ilypiiae. Four 
benchtnark locations were evaluated for native VAM spore numbers in soil and percent root 
colonization of the crops grown. Venisol sa~liples froin Akola contained far Iligher numbers of 
VAM spores (45 g-I soil) than the spore numbers at other locations (9 to 16 g-I soil). Soil 
samples from a farmer's field at Akola (58 vs 45) and Solapur (16 vs 9) contained significantly 
more VAM spores tlian the research farm samples. At Bijapi~r and Kovilpatti spore numbers 
were similar from fanner's and research farm salnples. At Akola, root colonization by VAM 
fungi in pigeonpea was higher (37%) for the crop grown on the farmer's field than the pigeonpea 
grown on the research farm (18%). At Kovilpatti, cowpea roots were colonized by VAM to a 
greater extent (63%) tlian the greengram roots (31%). Further, applicatio~l of P had no significant 
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effect on VAM colonization of chickpea, cowpea, greengram, arid pigeonpea at research fann 
trials. Crop yields of cowpea at Kovilpatti and chickpea at Solapur were not increased 
significantly due to inoculation with VAM fungi under field conditions. Pot experiment studies 
using chickpea genotypes grown in Vertisol showed significant responses in terms of increased 
plant dry matter only in case of long duration genotypes such as ICC 435, ICCV 6, and Rabat. 
However, no such response to applied P levels was observed in early maturing genotypes such 
as Annigeri and ICC 640. 
Alfisol 
VAM spore numbers varied between cropping systems. In an Alfisol, the highest number of 
VAM spores was under castor followed by pigeonpea, sorghum, and groundnut. Short fillowing 
between harvesting the crop and sowing of the next year crop reduced the VAM spores fro111 31 
to 16 g-I soil. The deep tillage bare treatment increased mycorrhizal colonization of roots (58%) 
as compared to 44% i n  the zero tillage bare treatment. Siniilar effects of deep tillage on 
increased VAM colonization of roots were observed i n  the case of mulch treatnient. However, 
no effect of tillage on treatlnents receiving FYM was obse~ved (Wani and Lee, 1995). 
Phosphorus Management in Postrainy Season Sorghum 
An experiment was conducted to detemiine the feasibility of balance-based fertilizer 
recommendatio~~s in postrainy season sorghum on Vertisols. It is often argued that u~ider the 
receding moisture conditions of ii postrainy crop season, fertilizer application Ilas little affect on 
yield. A relatively immobile nutrient such as P is ~nainly concentrated in the plow layer, and this 
layer dries out quickly. This leaves a relatively short time for the crop to take up the required 
alnount of P. I n  the experiment, P uptake ceased 75 days after sowing. There was no indication 
that P uptake was slowed down by dryillg the sn~face layer, which occurred earlier than 75 days. 
Significant differences i n  yielti and P uptake were observed between tlie fertilized and 
non-fertilized treatments. The bxis  for [lie final difference in P uptake and yield between 
fert~lized and nonfertilized sorgllum was laid in the first week of crop growth. The P influx which 
is the uptake per u n i t  root length or surface area was nearly equal for both treatments at later 
stages (Table 30), indicating that plants adapted their P uptake meclianis~n to low P 
concentrations i n  tlie surrounding soil solution. T i e  main difference occurred within the first 
three weeks when the influx was 4.6 times higlier in tlie fertilized treatment. This allowed the 
plants in the fertilized treatment to grow faster and develop a larger root systelli. At later stages, 
uptake in the fe~tilized treatlnent was still higher than in the non-fertilized treatment but that was 
only due to the greater root length. The influx was the same. The observed grain yield 
difference of 1.2 t Ila-' between tlie fertilized alid non-fertilized treat~iient clearly indicates how 
important sufficient P availability is during tlie first three weeks, even in tlie postrainy season, 
under receding moisture conditions. 
Results indicated tliat fertilizing to replace the amount of P removed by the crop was sufficient 
to achieve the ~naxitnum grain yield of 3.5 t ha-' at a soil test greater than 3 nig P kg-' 
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There was some indication that organic P was an important source for the nutrition of sorghum 
under conditions of low P availability. Taking only the inorg;u~ic P in soil solution into 
consideration, tlie Claassen-Barber nutrient 11pt;ike model underestimated P uptake (Fig. 19a). 
When the organic soil solution P WiIS taken illto account the f i t  of tlle   nod el i~nproved 
considerably (Fig. l9b) (ICRISAT, 1995). 
Iron Chlorosis in Groundnut on Calcareous Soils in Intlia 
Iron chlorosis has been reported as a ~iiajor production constrailit in groundnut grown on 
calcareous and/or alkaline soils in several parts of India. To  quantify yield losses due to Fe 
clilorosis, on-far111 trials at two village sites prone to Fe clilorosis were co~lducted. Tlie study 
indicated that Fe clilorosis can cause yield reductions of 32% for pod, 18% for fodder and 25% 
for total dry matter production. The results also i~ldicated that neither of the two genotypes tested 
were Fe-efficient. Foliar sprays wit11 FeSO, were more effective tlian Fe EDTA for correc~ing 
Fe cliiorosis. These results liave pro~iipted tlle ICRISAT groundnut breeding progriun to initiate 
screening for Fe-efficient genotypes (Potdar and Anders, 1995). 
Management of Farmyard Manure (FYM) in India's Semi-Arid 
Tropics - Farmers Perceptions and Practices: 
Farmyard tnanilre is an integral palt of livestock-based fai~ning systems and represents a 
potentially large resonrce for improving soil fertility. This study was undertaken with the 
principal objectives of identifying farmers' perceptions i111d nIanagement practices with FYM and 
deteniiining key factors influencing FYM use. 
Farniers perceived FYM to have multiple effects on soil, crop growtli, insect pests and plant 
diseases. The duration of these effects were perceived to be longer than one growing season. 
Improvelncnt in soil pliysical properties was tlie most often cited effect of FYM application. 
Rainfall, population and composition of livestock, cropping systeln, and area under irrigation 
were the greatest influences affecting FYM use. 
Inadequate supply of FYM constrailis farmers' fertility decisions. Irrigated larld is favored over 
rainfed land for applying FYM and cash crops receive higher fertility inputs compared to food 
crops. Combined applications of fertilizer and FYM were more comnion on irrigated crops. 
FYM quality varied in the surveyed villages. Nearly 30% of all salnples were at risk of 
promoting N immobilization if applied to soil. The length of time organic ~naterials were left 
in the dung pit and pits location affected FYM quality. On-farm experiments showed no 
significant crop response to FYM applications up to 20 t ha-' despite a positive yield response 
to equivalent N fertilizer applications (Motavalli and Anders, 1991). 
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Screening of Pigeonpea Genotypes for Salinity Response 
Soil salinity can be a major constraint to pigeonpea in the regions where it is predo~ninantly 
grown. Solution culture experiments were conducted in the greenhouse and controlled 
environ~tient chaliiber to assess the extent of genetic variation for salinity tolerance in tlie 
ger~ t~plas~n  of pigeonpea and its wild relatives. Tlie extent of variation in salinity response 
among cultivated pigeonpea appeared too limited to warrant genetic enhancement of salinity 
tolerance. Among tlie wild relatives of pigeonpea, various species of Atylosiu, Ryi~clzosiu and 
Dunbat.iu showed il wide range of variation in their salinity tolerance. 
In continuation of tlieir research, the F, hybrids of salt-tolerant A. ulDiculrs, alid salt-sensitive 
C. cujatl were screened for salinity tolerance. The results demonstrated tlie feasibility of 
transferring salinity tolerance from A .  ~ Ib i cu~r s  to C. cujuti. Tlie physiological attributes 
conferring salinity tolerance in  A .  olbicu~rs and tlie F, hybrids include Na and C1 retention in tlie 
roots and liliiited translocation to the slioots, high K selectivity and ~naintenance of transpiration 
rate under saline conditions (Subbarao cr ul. 1990, 1991). 
Nutrient Research at ISC 
West Africiln soils have a11 extse~nely low supply of ~nineral nutl-ients, A Iilck of volcanic 
re.juvenation or alltivial depositio~i llas cai~sed the region to undergo various cycles of wentliering, 
erosion, and leaclii~lg wliicli leaves the soils poor in Inany nutrients. 
Iiite~lsive cropping witlio~~t sestoring fertility depletes the nutrient base of tlie soils. This ~+esults 
indirectly in da~naged soil structure, reduced water infiltration and increased water and wind 
erosion. Nutrient balances reported elsewliere are negative for many cropping systenis with 
off-take greater than input, ilidicatilig tliat fanners are niining their soils. For example, nutrient 
mining in  Senegill was estimated at 14 kg N, 3.5 kg P and 11.6 kg K ha" y~.'' in 1983, and are 
projected to be 20 kg N,  3.5 kg P and 16.4 kg K ha'' yr'l by the year 2000. I n  1993 alone, fro171 
a. total of 6.6 million ha of land cultivated in Burkina Faso, soil nutrient mining amounted to a 
loss of 95,000 tonncs of N ,  12,240 tonnes of P and 65,570 tonnes of K (Rationo er ul. 1995) 
equivalent to US $159 million of N ,  P, and K fertilizers. In Mali, it was estimated tliat farmers 
extract on average 4070 of tlieir agricultural revenue from soil ~nining. Tlie present food shortage 
in tliis area is linked to poor soil fertility as numerous studies have shown tliat i t  is the supply 
of plant nutrients that deter~nine land productivity. 
Unlike catastroplies such as cirouglit and locust infestation, soil fertility decline is gradual. To 
alleviate the food shortage i t  is urgent to develop sustni~iable resource 11-lanage~nent technologies 
which will enhance food production and preserve the natural resource base. 
Nutrient ~n i~ i ing  by crops, which are increasingly being cultivated on miuginal lands, is promoting 
soil and environ~nental degradation at an ala~lning rate. However, for the sub-region, whose rate 
of fertilizer use is aliiong the lowest in  the World, about 10 kg l i i i '  (compared to 43 kg ha" Latin 
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America), tile recent devaluation of the CFA franc will fi~stlier rcduce fenilizer use and increase 
land degradation. The conseqitences of this scenario on tlie sub-region's food security and 
fragile environment will be severe. To  halt this trend, alternative practices that also promote 
higher production per unit asea on a si~stainable bi~sis are needed. Organic and inorgatiic 
fertilizers will play a critical role i n  this endeavor. 
Nitrogen 
Nitrogen (N) Fertilizer Sources and Management 
The general objective of the N research program has been to improve tlie efficie~icy of N 
fertilizer use in the West African Semi-Arid Tropics environ~nent. 'The N rese;~rcli has foctlsed 
011 the assessment of N needs of tlie primary food crops, i ~ ~ \ d  the clwice of tlie ilpproprii\te 
fertilizer sources and n1anagen1ent techniques required to meet these needs. 
In field trials at Sadore, using "N techniques, there was a strong effect of N source and 
placen~ent on N uptake by tlie grain and tlie stover of pearl millet. Plant upt;~ke of applied N 
from point-placed cnlcium am~noniiun nitrate (CAN) was almost tliree times that of usea applied 
in a similar manner. A 57% ~.eduction in fel-tilizes N uptake by [lie grain was fountl when CAN 
was broadcast ratlier tlian point-placed (Table 31). 
Early in the growing season, tlie plant's requirement for N fel-rilizer is low. However, after stem 
elongation, crop N ~ieeds increase greatly. It is important to apply N in a Inanner that matches 
the crop N requirements. If N is applied too early, when tlie plant cannot use it, N can be lost 
due to leaching or volatization. Conversely, if N is applied late, i t  Inay not be tiken up in time 
to influence grain yield. A experi~nent on sorgl~um illustrating this trend was colitiucted in 
soutliern Niger. In this trial, one-half of tlie N was applied 2 weeks later after planting and the 
remainder 4 weeks later. Some of tlie plots received I5N-urea during the f i s t  application biit 
received ordinary urea during tlle second application. Tlle situation was reversed for tlie 
remaining plots. Total recovery in the plant plus soil fractions was the same in both treatments 
and averaged 67% of the N applied for the two treatments. However, the distribution of "N in 
the plant and soil differed greatly between N applications. In  tlie basal application, 26% of tlie 
fertilizer N was taken up by the plant. The majority of the 1 5 ~  remained in tlie stover fraction, 
and only a small fraction was ultimately translocated to [lie grain. Conversely, uptake of N in the 
second split was 33% of that applied, the majority of which was fonnd in the grain at harvest. 
Thus, the efficiency of the second split in terms of getting N into tlie grain was more than twice 
that of the basal application. 
The ''N distribution in  the soil also differed between treatlnents. N applied early in tlie season 
tended to move deeper into the soil profile. For both treatments, the majority of the ''N was 
found in the surface 0-15 cm layer (Christianson and Vlek, 1991). 
In 1991 and 1992, another 15~-based  experiment was conducted in soutliern Niger to determine 
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tlie efficiency of N uptake by sorgllu~n from urea, ammonium sulfate, and potassium nitrate. N 
was applied at the rnte of 60 kg N ha.'. It is generally recom~nended tliat N-fei-tilizers be applied 
to sorghum in two equal splits at 14 days after sowing (DAS) and 42 DAS to ~ n a x i ~ n i z e  N 
efficiency. Using l s~ - l abe l l ing  made it is possible to deter~liine N-use efficiency fro111 tlie two 
splits. Tlie data i~idicate tliat N had a strong effect on sorghum, but for both years there was no 
significant difference between the three sources of N-fertilizers. Tlie values of N derived from 
fertilizers were always lower for urea than tlie otlier two sources. From the values of in the 
grain and stover, it was co~icluded tliat N applied as urea is inferior to the two other sources. 
Although there was no difference between tlie three sources in tenns of grain and stover 
productiori at tlie rate of 60 kg N Iia'l it is assunied tliat less N fertilizer will be needed from 
arnmoniu~n sulfate and potassium nitrate for o p t i ~ n u ~ n  crop production. In  1991 N use efficiency 
(NUE) significantly improved from 44% for urea to 76% for potnssiu~n nitrate and in 1992 from 
36% for urea to 61% for KNO,. A high loss of N from urea due to urea hydrolysis, followed by 
nitrogen volatilization, could be tlie main reason for tlie lower values of NUE tliat are found in 
sandy soils. In IiiiIIIy countries in Francopl~one Western Africa, most of tlie nitrogen in the 
imported co~iiplex fe~tilizers is in tlie fonii of NHJ. It  is believed that N in the form of NO, will 
be more easily lost by leacliing. Tlie results of this research sllow tliat fertilizer use efficiency 
is slightly liiglier witli KNO, as compared to (NH,),SO,. Tliere is a need to undertake this type 
of researcli in the ninin agroecological zones and with the   no st important crops in order to 
convince tlie fertilizer importers to cha~ige  tlieir fertilizer in ipo~t  policies. 
A trial was established at Sadore to sttrdy the interaction between P and linie on pearl millet. P 
was applied at 0, 8.7, i~nd 17.5 kg P as single supe~pl~ospliate (SSP) and lime at 0, 250 and 500 
kg ha-' as dolomite. I n  1992, l. '~-labelled fertilizers were applied to microplots at 30 kg lidi on 
control plots for l i~ne  and pliospliorus, on plots of 500 kg li~iie per hectare, on plots receiving 
17.5 kg P ha-' and on plots receiving 17.5 kg P lla" plus 500 kg lime lla-'. Tliere was an effect 
fro111 the application of botli P and lime but no evide~ice of an interaction. Without lime and P 
applici~tion, NUE was o~ i ly  14% co~npared with 33% wlien P was applied. Also the application 
of lime and fel-tilizess significantly increased tlie use of soil N fro111 11 to 38 kg N ha'' indicatirig 
t l i i ~ t  better root growth iniproved tlie use of mineralized soil N by tlie crop. through leaching. 
In 1992, at Bengou, Niger in tlie Sudnnian zone, we studied the interaction between P and N for 
sorghu~n production. P was applied at 0, 6.6, 13.2 and 19.7 kg P ha" and N was applied at 0, 15, 
30, 60 and 90 kg lia'l. I n  order to determine the effect of P application on N use efficiency, "N- 
labelled fertilizers were applied to microplots within the 60 kg N ha'' treatments. There was a 
vesy strong effect of both N and P on sorgllu~n production but no significant interactio~i between 
N and P. Altliough lsN recovesy wils not sig~iificarltly increased with P application of 19.7 P ha", 
as for the case of pearl millet in tlie Snlielian zone, application of P fertilizers illcreased tlie NUE 
of mineralized soil N wllicli could be lost through leaching. 
N Dynamics in Different Cropping Systetiis 
Despite the need to apply clie~nical fertilizers for high yields, tlie use of fertilizers in West Africa 
is limited by lack of capital, inefficient distribution systems, poor communication and other 
Page # 112 
socioeconomic factors. Studies with I5N have shown tliat 11ptilke efficiency of N in the 
Sudano-Sahelian zone is low and losses of applied N fertilizers in the order of 58% are colnrnon. 
These losses can be higher under farmer's conditions (Christianson PI (11.  1990). The high losses 
fro111 N fertilizers and tlie other factors li~niting tlie increused use of fertilizers l l~ake i t  necessary 
to look for cheaper ways to i~nprove soil fertility and productivity. One possibility is rotation 
of cereals with legumes. Legumes are know11 to increase soil fertility tlirougll their N-fixing 
capacity. Groundnut and cowpeii are the most widely grown grain legu~nes in tlie 
Sudano-Sahelian zones. These legumes are often intercropped with pearl g nil let in the Sahelian 
zone and with sorghu~n in the Sudanian zone. 
Continuous cropping of pearl millet resi~lted in lower yields iicross all N r;ltes tllan when millet 
was rotated with cowpea or witli groundnut in the different agroecological zorles (Butiono c?r ul. 
1994). Even with 45 kg N Iia'l, yield of pearl ~ilillet for the conti~iuuus monoculture wils lower 
than when no N was applied when cereal followed cowpea or g~.oundnut in  ;I rotation at 'l'ara 
(Fig. 20). 
The positive effect of rotation on cereal yields has usually bee11 attributed to the added N from 
legu~nes in the rotation, but also to improve~nent of soil biological iind pllysical properties, and 
the ability of some legumes to solubilize occluded P and higlily insoluble calciu111-bound P by 
legume root exudates. Other advantages of crop rotation i~lclude soil conse~vation, organic ~iiatter 
restoration, and pest and disease control. 
Recovery of N fro111 festilizer applied to different cropping systelils was deter~ni~ied by applying 
labelled N fertilizers to microplots of pearl millet where millet wlis grown continuously in 
rotation witli cowpea, in sotiition with ground~lut, intercropped with cowpea, and intercropped 
with groundnut. NUE was greater when millet was rotated with cowpeil tlia~l when grown 
continuously as a pure crop. At Sadore in 1990 NUE was 20% for continuous pearl millet 
cultivation and 28% when pearl  nill let wils rotated wit11 cowpea. For both Bengou and Sadore, 
N derived fro111 the soil wiis better used in rotation systelns than with con t inuo~~s   nill let. For 
example at Bengou in 1990, nitrogen derived from the soil was 39 kg N Ila'' in continuous pearl 
millet cul t iva t io~~ and 62 kg N ha" when pearl  nill let is rotated with groundnut. 
N-fixation by Cowpea and Groundnut 
Previous research Ilns shown the importance of N, P, and organic amendments si~cll i\s ~nanure, 
for the i~nprovement of soil productivity in the Sahelian zone. There is increasing evidence of 
the importance of molybdenum (Mo) for crop production. The availability of Mo decreases with 
soil pH, and for the acid sandy soil of the Sahel, Mo deficiency could be a proble~n for crop 
production. Mo in the soil has been found to be insufficient to meet the Mo requirement for N- 
fixation of groundnut and cowpea. 
Recently, research at the ISC has shown that carbofuran reduced plant parasitic nematode 
population in the soil and improved the yield of groundnut. In 1991, 1993, and 1994, at Sadort, 
we studied the effect of N, P, manures, carbofuran, and Mo on pearl ~nillet, groundnut, and 
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cowpea. Tlie results showed tliat N, P and manure increased yield and that P is the major 
constraint to crop production. The yield response to N for legu~nes indicates that the 
predo~ninantly sandy soils of the Salielian zone may be deficient in Mo. There is a positive 
interaction between P and manure, tlie effect of manure being less in the presence of P 
application. Tliis suggests that high yields could be obtained witli the combination of s~naller 
quantities of P and manure. 
The interaction between N and carbofuran indicated that tlie response to carbofuran can be 
obtained only after the addition of N. In cases where the interaction between N and Mo was 
significant, ii greater response to Mo was observed in tlie presence of N tlian wlien N was not 
applied. Tliis suggest tliat legumes need a s~nall a~nount of N as a starter fertilizer. In cases wliere 
the interaction between manilre and Mo was significant, it was observed tliat wlien manure was 
applied, tlie yield was less affected witli the application of Mo tllan when llianure was not 
applied. Tliis suggests tliat manure contains a sufficient amount of Mo as required by tlie crop 
or tliat tlie increase in soil pH due to manure application will increase Mo availability. 
Agricultural productivity coi~ld be dran~atically iricreased with tlie improvement of soil fertility. 
For example, pearl ~i~i l le t  grain yield in 1991 and groundnut fodder yield in 1993 increased five 
fold witli tlie applici~tion of N,  P, manure, carbofuran, and Mo. Although N, P, and manure are 
tlie most critical for yield cnhi~nce~iient, tlie application of Mo and carbofuran increased yields 
up to 70% over tlie control. The Iligliest yields were obtained when both organic and inorganic 
fertilizers were applied in combini~tion with control of neniatodes. 
111 1991, tlie isotopic dilution metllod was used to deteiinine tlie N fixed by cowpea with 
treatments of Mo, ca~.boful-a~i, manure, P and a co~nbined treatment which was a niixture of all 
the iuiierid~nents. N derived fro111 tlie air (N,,,,) for cowpea varies from 65 to 88%, while for 
groundnut it varies from 20 to 7570. I n  the combination treatment cowpeii stover fixed up to 89 
kg N l l i i '  wllereas for tlie salne treatmellt, groundnut fixed only 40 kg N lid'. 
Phosphate Rock (I'R) 
Althougli deficiency of I' is acute in most of the West African soils, especially tlie sandy soils, 
very little P fertilizer is used by fanners due to high cost. Previous researcll lias evaluated tlie 
use of tlie groi~nd form of PR for crop production. A systematic effort has been made to 
investigate if  these PRs could be used for direct application as economical nlternatives to more 
expensive imported water-soluble P fertilizers for certain crops i111d soils. 
Tlie agronomic effectiveness of PR depends on its chemical and mineralogical co~nposition and 
soil and plant factors. The research program began therefore witli the clie~nical and n~ineralogical 
characterization of tlie different West African PR deposits. This suggested that the agrorlo~nic 
effectiveness of [nost of tlie West African PRs woi~ld be low. Tllus, only Matan1 (Senegal), 
Tilelnsi (Mali) and Talioua (Niger) PRs were co~isidered efficiently reactive for direct application. 
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Meanwhile IFDC developed the " single step" tecllnology for the partial acidulatioll of phospliate 
rock. This process increased availability of P in the unreactive PRs (Bationo et (11 .  1990, 1991, 
Table 32). 
A long-tenn field st i~dy was conducted from 1982 to 1993 on a sandy Saheli;ln soil of Niger to 
evaluate the agronomic effectiveness i111d the profiti~bility of V ~ I T ~ O I I S  P fertilizers for pearl millet 
production. The P fertilizers tested were the filiely g r o \ ~ ~ l d  PK from Parc-W, PR partinlly 
acidulated with H$O, at 25Yo and 50% (PAPR25, PAPRSO), single superphospliate (SSP) and 
triple superpliosphate (TSP). PR was applied annur~lly (PRA) or once every three years (PRB). 
The ~ilajor findings of this study were (i) partial acidulation increased the relative agrono~nic 
effectiveness of PR; (ii) relative agronomic effectiveness of TSP WiIS on overage 7S0h of SSP, 
due to development of sulfur deficiency (iii) for all P sources tlie residuill effectiveness index 
is at least 50% after three yei1rs (iv) applicatio~i of all P fertilizers was profitable (Table 33). 
One of the myjor constraints to the direct application of PR is the risk of it being blown away 
due to finer size, alld nlso the need to supplement it with otlier ~ninerals, sucll as N ,  K ,  S, and 
eventl~ally micronutrients. For unreactive rocks sucll i1s Parc-W PR, tlie niixture of PR with TSP 
by compaction (1: 1 P ratio from each component plus urea and KCI) can increase tlie i~vailabiliry 
of PR in tlie product. Liiboratory and greenhouse studies sl~owed t l l i ~ t  lie Fe20, + A120, contents 
of PR can significantly Iiamper the wiltel solubility and agronomic effectiveness of PAPII. In 
field experiments, i t  was concluded that T~IIIOLI~I  I'APR wi1s i~~ldesiri~blt: because of its Iiigh 
Fe,O, + A1,0, contents and resulting low water-soluble P. Some of tlie water soluble-P ill 
I'alioua PAPR was converted to citrate-insoluble P and thus bec;~me less i~vailable to tlie plant. 
The performance of the compacted products de~nonstrated that this is ;11i i~lter~lative way to 
produce cost-effective P fertilizers. 
Recovery of Fertilizer Phosphorus and Sulfur by Pearl Millet 
Tlie "S and "P labeled fertilizers and different methods of application were used to compare tlie 
recovery of fertilizer P and S from double superpliosphate (a mixture of single superphosphate 
and triple superpliosphate, containing both P and S), and compare double superpllospllate with 
triple supeiphosphate (containing no S) to deternine tlie response of  nill let to S. 
Four types of fertilizer placement were tested: broadcast (B), broadcast and incorporated (BI), 
broadcast and ridged (BR), and hill-placed (HP). Fertilizers were applied at 8.7 kg P 11a" (Bationo 
ct ul. 1995). 
The broadcast and ridge treatment performed better than the other treatments (B, BI, and HP), 
but there was no difference between the otlier placement nletliods. Tlie P recovery from fertilizer 
ranged from 10 to 22% in the first year and from 8 to 14% the second year. The lower P 
recovery in tlie second year was due to the residual effect of P applied previously. For both 
years, P recovery was lower when fertilizers were Iiill-placed (HP) than wit11 the other three 
methods. 
Page # 115 
Lime and Mo 
The main causes for tlie low fertility of acidic soils in West Africa are tlie A1 and Mn toxicities 
and the deficiency or unavailability of P, Ca, Mg and Mo. These factors can act independently 
or together and can inhibit tlie survival and functioning of rliizobia, mycorrhizae and otlier soil 
microorganisms. Some investigators i n  tlie region have noted that the problems of low pH and 
high Al saturation increased with annual application of 111inernl feltilizers and tliat the proble~ns 
were alleviated or even prevented in treatments containing manure application and mineral 
fertilizers. 
In field studies of l i~ne and P applied as SSP to sandy soils, i t  Iias been shown that tlie 
application of P and lime led to significant yield increase of legumes crops sucli as cowpen (Fig. 
21). For tlie acid soils of tlie Sudanian zone, even with lime application, there is still a strong 
effect of Mo on cowpea fodder yield indicating tliat the soils are very deficient in total Mo. 
Organic Amendments 
I n  the Sulleliii~~ zone, Bationo r t  ul. (1993) reported a strong interactive effect of crop residue 
(CR) application as ~iiulcli arid fertilizer 011 pearl  nill let grain yields. Over tlie duration of the 
study, grain yields in  the control plots without CR or fertilizers steadily decli~ied. Tliis indicates 
that the pote~itial for contini~ous ~iiillet production is very li~iiited i n  tlie absence of amendments 
like fertilizer iind CR. 
For the Siillelian zone, Michels cr u1. (1993) reported tliat the coverage of millet seedlings by 
wi~id blow11 soil severely lianipered millet estnblisliment, reduced subsequent growth and 
decreased grain yield by almost 50% compared to unburied plants. Micllels (1995) showed tliat, 
compared to bare plots, CR application of 2000 kg Iia" ~ni~lcli  reduced tlie a~iiount of soil flux 
by 46% in 199 1 r~nd 48% in  1992. 
Altliough tlle use of CR as mulch can reduce wind erosion, fi~rmers burn whatever is left of tlieir 
CR once tlieir needs for f~lel, animal feed, or housing and fencing have been fulfilled. 
For tlie Sahelian zone, the o p t i ~ n ~ ~ ~ i i  level of CR has bee11 sl~own to be 2 t ha-' (ICRISAT, 1993). 
McIntise and Fussell (1986) reported that on fields of unfertilized cultivars, grain yield of pearl 
111illet averaged only 236 kg Ila" and mean stover yields barely reaclied 1300 kg ha.'. In  village 
level studies on CR alo~ig a north-soutli transect in three different agro-ecological zones of Niger, 
sulveys were coriducted to assess farm level stover production, liouseliold requirements, and 
residual stover remaining on-farm Results of tliese surveys showed tliat the average amounts of 
stover re~noved fro111 the field by a Iiouseliold represent only between 2 to 3.5% of the lneali 
stover production (ICRISAT, 1993). At the onset of tlie rains cattle grazing had reduced the 
residual stover on-far111 to only 21% to 39% of tlie Inean stover production. Unless stover 
production is increased at fami-level tlirougli the applicatio~i of plant nutl-ients, i t  is unlikely that 
the reco~nrnended levels of CR could be available for use as niulcli. 
Increased biomass availability at farm-level is also a prerequisite for sust;rinablc lll~ld use in  the 
region. On-faml evaluation of CR availability clearly showed that the use of fertilizers allows 
farmers to i~lcreasr stover yields. Despite the Inany colnpetiilg purposes for wllicll CR ilre used, 
the increased CR productio~i led to significantly higher quantities being left behind to act as 
mirlch in the subseqnent rainy season (Bationo and Mokwunye, 1991) 
The role of animal malliues needs further attention. Within the ISC region, irnirnals owned by 
farmers and pastoralists h i~ve tladitionally been a source of manure for crops. Arr;~ngelnents 
between far~ners and pastoralists have provided for increased manure deposition or) fannliinds, 
but this practice has declined in many areas for several reasons. Currel~tly there ilre insufficient 
animals to provide the manure needed. 
Lessons Learned from Long-term Soil Fertility Management Trials 
Fro111 research at the lCRlSAT Si~llelian Center, i t  lias bee11 concluded that ill tile Sallel tlie low 
soil fertility is u more limiti~lg firctor to crop psoduction th i i n  rai~lfirll (Di1tio110 and Mokwunye 
1991, Bationo cr 111. 1993). 
Long-term experi~nents with i111d without clle~iiical fertilizers and 0rgi111ic ~nil te~~ii \ ls  were initiated 
in the early 1960's by the Researcll Institute for Tropical Agriculture (IKAT), f r o ~ n  whicll it Ilas 
been concluded that mineral fertilizers can illcrease yields in i11.ilblt: f a r~n i~ lg  systems in tlle 
Sudaniau zone. However, i t  was found that in the longrun, the use of cllemical fe~tilizers alone 
would lead to decreasi~lg crop yields. 
In the Sahelirun zone pearl n~il let  arid cowpen yields were significantly increased by both fertilizer 
and CR applicution i111d tlie lligllest yields were obtained wllen fertilizers west: co~nbilled with 
crop residue. 
In the most years Sudano-Sahelian zone, application of CK alone or with c l l e ~ ~ ~ i c a l  fertilizers 
failed to significantly increase pearl  nill let yields. The rate of decornpositio~~ of CR was nluch 
higller than in the Sahelian zone and likely parallel to the rate of ~li~trierlt release. Groundnut pod 
and fodder yields were significantly increased by both CR and ~ninelxl fertilizers ill one year. 'The 
application of CR iricreased significantly the organic ~nntter content of soil and the effective 
cation exchange capacity at the Salielian site but not irt the Suda~lo-Sahelia11 site. 
For both sites the applicatioli of ~ninerul fertilizers alone led to decreasi~lg saturation, 
decreasing pH and increasing Al saturation. The apparent contradictory results obtained in tlie 
response to CR application suggest that much needs to be done to investigate the rnechanisrns 
of CR effects on crop growth in different clirnates and to monitor Inore closely the dynan~ics of 
organic matter turnover in the different soils. 
In addition, cultivation of crops on lnargilial lands increases soil and environlnental degradation. 
For the Saheliari zone, continuous cultivaiion reduced in the organic matter levels eve11 with tlle 
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applicatio~i of fertilizers. Tlie effective cation exchange capacity (ECEC) is more related to 
organic lnatter than to clay indicating that a decrease in organic lnatter will decrease the ECEC 
and subseque~ltly tlie nutrient holding capacity of soils. Soil acidification associated with 
continuous cultivatio~i s a common phenomenon and application of organic residue is one way 
to alleviate a l u ~ n i n i ~ ~ i i  tox city. 
Collaboration and Linkages 
Tlie following collaboration has existed during the period since 1991: 
Government of Japan at IAC-ongoing collaboration in  P nutrition of legumes, and N ;ind 
root dynamics of pigeonpea intercropping. 
IFDC at ISC-ongoing collabori~tion in researcli on soil fertility and plant nutrition. 
NARS (prim;lrily CRIDA, APAU, Mu1l;lraslltra Agricultural Universities, iuld CAZRI) in 
India and CAR1 in Myiii~~na~.,  iiostly wit11 respect to tlie ISPI,  ISP2 and ISP3 projects, 
ongoing. 
APSRU (Agricultl~r;~l Psotluctioll Syste~iis Kescarch Unit of Australia) - initiiiting 
collaboration on si~iiulntion iiiodelli~ig of f i ~ r ~ i i i ~ i g  systeliis, pl-i~lii~rily ill tlie i~rea of f;lr~~iy;lrd 
Iiianure and fertilizer mi~nage~iient. 
University of Ha~nburg-past colliibor;ltio~i on organic ~iiatrer tur~lovcr. 
University of I lohenliei~li-past collabosatio~l on water relationships and wind erosion. 
Future Plans 
The pri~lial-y focus is expected to be oil integrateci nutrient 111:1nagenient, wliicli we understa~id 
to meiln tlie mirnagelneiit of crop nutrition tlirougli tile conse~vation of soil organic matter atid 
inputs of organic ~iiatel-ii~ls i n co~nbiii;rtion with bali111ced inputs of chemical fertilizer. 
I'ollowirig restri~ctusing, the present view of tlie future relates to tlie projects. In the case of 
~iutrierlt Ilianagemelit, this meiins ISP 1 (in Rajastlian in Asia and PS 13 in West Africa), ISP 2 
(Alfisols and similar soils in India a~itl Myannlar and PS 14 in West Africa), ISP 3 (Vertisols and 
similar soils in India, Myil11rn;u and PS 15 and 16 in West Africa) and ISP 4, and strolig 
collaboration witli NARS. 'This sig~lals also il cllange in research approach fro111 on-station, 
researcher-driven expesi~iients to on-fami, fannertreseiircl1er-driven experinientatiorl. 
Multidisciplinary teanis (including soil fertility specialists arid NARS cooperators) ilre worki~ig 
in selected villages to identify fanner constraints, and then to discuss possible solutions with 
farmers. In sollie cases, fanner-driven experiments will be used to test solutions; in other cases, 
researcher-driven research, either on-farm or on-station (depei~ding on the nature of this research) 
will be needed. 
For example, in ISP 2 farnier co~lstraints have been iclentif~ed by I'IZA tecli~~iques in selected 
villages. On-farm studies have co~nmenced aimed at establisl~ing approxllnatc nutrient balances. 
Further flmmier-driven experimentation would commence in 1906. 'Tlic lesei~rcli approi~cli would 
be similar in ISP 1 and ISP 3. A key to this research is close collaboration with genetic 
resources scientists, i ~ g r ~ n o ~ n i s t s  and socioecono~i~ists. 
Two long-tern1 experiments continue on Vertisols at IAC. One small plot cl.oppi~ig systems 
experilllent has run for 12 years iund is now providing interesting information on soil fertility 
changes and effects of disease. We suggest continuation with freque~it review and see this 
experiment as even Inore valuable given tlie new emphasis on croppi~lg system sirnulotion. 
The Ve~tisol  watershed experiment which has run in different forms since 1975 lii~s inlpo~tiint 
soil fertility and crop nut~.ition implications. Some treatments of interest i1re esse11tially 
uncllanged since 1975 and have tlie potential to provide vital i~lt'ornlution on 1o11g-ter~n soil 
fertility changes whicl~ i n  turn will be invaluiible for   nod el ling. 111 West Africa, in cooperi~tio~l 
wit11 INRAN (Institut National du Recherche Agrono~nicli~e du ,  Niger) ;~nd the Soil Mi~n;~ge~nent 
CliSP of USA, we lii~ve initiated 11utsient management studies in i1 watershed ill T'a~ida, Niger. 
Simulation modelling collaboratior~ is seen as important to futl~re activities. Specific 
contributions are seen in helping the develop~nent of APSIM model coniponents for nutrielit 
cycling through animal tnanures and for P uptake and use. General co~itl-ibutions are i~iitially 
through participating in testing of APSIM, and later tl~rougli using APSIM as an aid to on-fnnn 
and on-station research. 
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Table 27. Fractional contributiorl (%N,,) and amount (N,,) of plant N derived from 
fertilizer, and fertilizer use efficiency (FUE) of sorghum and pigeonpea as sole crop and 
intercrop cropping systems (cs). 
Treatments 
Sorghutn Pigeonpea 
%N,,,, N,If FU %N,l,.l N,,,, FUE 
(kg E (kg (%) 
I - )  (%) ha-') 
Sole crop 
N25 8.0 2.8 11.2 
N50 17.2 10.5 20.9 
N1OO 27.6 21.5 21.5 
Intercrop 
N25 9.9 3.7 14.7 
N50 17.7 10.5 21.0 
N I00 32.1 20.5 20.5 
CooJicic~~rr.~ of' rlo~.iuriotrs (5%) 
N 10.3 35.3 24.9 
C S 31.1 34.0 27.2 
S I N ~ ~ S ~ ~ C ~ L I ~  sigllijj'l.tlll(~  
N * * :$ :+ * N S 
CS N S  NS NS 
N x CS NS NS NS 
Source: Tobita et ell. (1994). 
l'al)le 28. Nitrogen b:ll;~noe sheeta fo r  different cropping systelns on ;In Allisol, P i ~ t : ~ n c l ~ c r ~ r ,  1ndi:r 
Irnlmrl (kg h;l")'(A) Exlx)rt (kg h;~")' (B) 
L3;ll;rncc 
Cropping L e g ~ ~ ~ n i ~ \ o u s "  (kg h;l") 
systemh by Fcr~i l izcr  N,-f ix:~tio~l II;~rvcs[' 
yc;u (A)-@) 
"N balnncc cnlcul;llcd h;rsed on m:rin i ~ l ~ l ) o r t  :111d cxl)o~.l sotrrccs of N 
"/F = Sorghum intercropped with pigconpc;~. C=c;~s(or. G/T'=grol~lltl~~~~t ~trtcrcl.ol)l~ctl \v i t l~  ~) igco~~l )c ;~ .  ;III(I l)=solc 
plgeonpe;r 
'Each vi~lrlc withill ;I hi l lo~ni i l l  co~.respo~~(Is 10 IIIC crop ill illrercro~) 
"nc lu t l i~~g ;~t~nosphcrc-tlcrivctl N (fixed N) in I c g ~ ~ ~ n i r l o ~ ~ s  roots. 
'Assumcd lhnr g rou~ l t l ~ l t ~ t  roots were expo~,~cd by 11;uvcsl 
'N contents ill n l i ~ ~ i - l ~ l o t  gr w11 sorghum. ~ ~ i g c o ~ l p c ; ~ .  ;111(l g r o ~ ~ ~ l t i ~ l t ~ i  W C ~ C  I I S C ~  to C:IICIII:IIC tot;rI N ill tlle II;II~VCSI l'or 
1992. 
Sourcc: Lcc cr (11. (1993). 
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Table 29. Total N content ( lrg g7') and organic C (%) of t l ~ e  0-15 cm depth of soil under 
different cropping systems 
N C 
1983 1991 Change 1983 1991 Clialige 
Legu~nes  every year 
S P P - S P P  
SPP-S+CP 
S+CP-S+CP 
Legumes in illternate 
years 
CPP-S+SF 
S/PP-S+SF 
S+CI-'-S+SF 
NO l e g ~ ~ ~ n e  
S+SF-S+SF 
Standard error + 
"IPP = S o r g h ~ ~ m P i g e o n ~ ~ c ~ ~ ;  S = Sorgllu~n; CP = Chickpea and S F  = Safflower. 
Table 30. P-influs of sor-ghurli (M 35-1) wit11 P- 
fer-t ilizcr 31)1>1icatioll (P-,500: 500 k g  I' ha-') ant1 
without P-fertilizer a p p l i c a t i o ~ ~  (P -0 ) .  
Days after sowing x 1 0  n~c) l  ~ 1 1 1 . '  s '  
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Tab le  31. Recovery '9 fer.tilizer by millet a1)plietl :it Snclore, Niger, 1985. 
--- 
N Source" Application method '3 Recovery 
Grain Stover Soil 'I'otal 
9% 
CAN Point illcolpornted 21.3 16.8 30.0 68.1 
C A N  Broadc;ist incorporated 10.9 10.9 42.9 64.7 
Urea Point i~icorpc>rated 5.0 6.5 22.0 33.5 
Urea. Broadcast incorporated 8.9 0.8 33.2 48.9 
Urea Point surface 5.3 8.6 18.0 31.9 
"CAN = C;llcium 1111lrnoniur11 ~lirr;ite. 
Table 32. Agronomic effectiveness of  s ~ ~ l f u r i c  ncitl-hasetl 50% pnrti:~IIy i~citlolnted \\'est 
Afr ican phosphate rocks. 
Phosphate rock source Soil order Crop Kel:rtive ;rgsono~nic 
effcciive~icss ((%) 
Togo 50% PAPR Alfisol M:iize 
Togo 50% PAPR Ultisol Maizc 
Togo 50% PAPR Oxisol Maize 
Kodjliri 50% PAPR Alfisol Maize 
Kodjari 50% PAPR Alfisol Sorgllu~n 
Koajari 50% PAPR Alfisol Millet 
Parc W 50% PAPR Alfisol Miller 
a. SSP + 10070 
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Table 33. Relative agl-onomic effectiveness (RAE)' of phosphate rock (PR) over 10 years 
P sources2 Grain TDM' 
PR A 
PRB 
PAPR 25 
PAPR 50 
TS P 
SSP-N 
Yield of P source - Yield of control 
1. R A E =  ~ x 100 
Yield of SSP - Yield of control 
2. PRA = PR applied a~inually: PRB = PR upplied once every tllree years; PAPR 25 ;uld PAPR 
50  = PI< acidularrd with H,SO, at 75% and 50'70, respectively; TSP = Triple superphosphate; 
SSP-N = Single supe~~pllospl~ate. 
3. TDM ='rota1 dry Illutter yield. 
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Nivqen (kg h2' ) 
Fig. 18. Mean grain yield of sorghum grown in rainy seasons (1983-92) succeeding 
different cropping system in previous year. ICRISAT, Patancherii (2 year crop 
rotation) S - sorghum, PP - pigeonpea, SF  - safflower, CP - chickpea, COP - cowpea, 
1 - intercropped, + - sole crop grown during postrainy season. 
Source: Rego and Burford (1992). 
16 i 
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P-503, cakulated 
I 7 1 -  1 -  I - 1 1 1 
0 2 0 40 6 0 80 100 120 140 
Days aher sawing 
Fig. 193. bleasured and predicted P uptr*e of sorghum (M 35-1). Phosphate uptake 
calculated without taking organic P i n  soil solution into ; ~ C C ~ L I I I ~ .  
12 4 
n 8 
1, p.' 
I 1 I I I I I 1 
0 2 0 40 6 0 80 100 120 140 
Days after sowing 
Fig. 19b. Measured and predicted P uptake of sorghum (M 35-1). Phosphate uptake 
calculated by taking organic P in soil solution into account. 
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/- 0 kglha Lime 
250 kg/ha Lime 
500 kglha Lime 
20 
P205 level (kglha) 
Fig. 21. Phosphorus and lime interaction on cowpea, Sadore, Niger, 1994. 
WATER AND NUTRIENT INTERACTIONS 
K.K. Lee, W.A. Payne, A .  Bationo and M.C. Klaij 
Water and nutrients are two major factors that deter~tiirle crop production. In wet regions or in 
fertile soils, it may be possible that nutrients alone or water alone dictate crop production. 
However, in the semi-arid tropics, both water and nutrients limit crop production because most 
of the soils in this region are deficient in one or  Illore nutrients and receive scarce a ~ ~ d  erratic 
rainfall. 
It is well known that interactive effects exist between water and rlutrient on crop growtll, nutrient- 
use efficiency or water-use efficiency. The research on water x nutrient interiiction is essential 
for increasing and stabilizing crop production, and for ~nnximizing the retu1i1 fi.0111 inputs of 
fertilizer and irrigation. Despite its obvious importance, far fewer studies on this interaction have 
been conducted at ICRISAT, than those on either nutrient or water alone. 
Water x Nutrient Interactions 
Vertisol 
Rioniass and  Light 
Sorghur~i (cv SPH 280) was grown in the postrainy-season at IAC with and without irrigation and 
at 6 levels of nitrogen (N) from zero to 150 kg ha" applied before sowing. Above-ground 
biornass was ~neasured weekly. Root biornass was ~neasured every two weeks. Interception of 
solar radiation was monitored continuously in all treatments. 
Leaf expansion was strongly affected both by water and by N (Fig. 22), whereas specific leaf 
area was almost independent of treatment. In  the irrigated treatnlent, the bioniass radiation 
coefficient (e) for the main growth period was almost independent of N application at 1.3 to 1.4 
g MJ" and was also independent of leaf nitrogen. A decrease of radiation interception with 
decreasing N was the main source of yield differences. Without irrigation, biomass, yield, e and 
leaf N were all maximal at 60 kg ha-' N (Rego et al., 1996). 
At 33 DAE, root Inass was almost independent of N application whether water was applied or 
not but was somewhat smaller with irrigation. Later; root, leaf, and panicIe Inass all responded 
to N and to water but stern mass was unresponsive to N with irrigation. There was evidence of 
translocation from stem to grain in most treatments. Maxilnum grain yields were obtained at 90 
kg ha.' N in both treatments; 3.9 t ha" with irrigation and 3.2 t ha" without. 
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Water Extraction and Biomass Production 
During rainless weather following a monsoon, sorghu~n (cv SPH 280) was grown either 
unimgated or  irrigated for 7 weeks after emergence. N was applied at six rates fro111 0 to 150 
kgiha. Roots were sampled every two weeks to detennine biolnass and root length density as 
a function of depth. Every week, soil water content in all treatments was measured 
gravimeuically to a depth of 0.23 m and with a neutron probe fro111 0.3 to 1.5 m. 
Below 0.45 111, volulnetric water content was equal to a negative exponential function of time 
after roots arrived and the maximuni depth of extraction moved downwards at 2 to 5 cln d'l. In 
the dry treatment, the extraction "front" lagged behind tlie deepest roots by about 12 days initially 
but the two fronts eventually converged. Irrigation delayed the descent of the extraction front 
by about 20 days but thereafter it appeared to descend faster than without irrigation. Averaged 
over N rates, tlie ti~tie constant of the exponential function was inversely related to the root length 
density, I,, increasing with depth from about 14 to 19 d as I, decreased from 4 to 2.5 kln 111'~ 
(Singh et al., 1996). 
The biolnass-water ratio was almost independent of N but increased from a mean of 5.3 g kg'' 
in tlie dry treatnients to 6.9 g kg.' with irrigation (Fig. 23). When normalized vapour pressure 
deficit within irrigated and unilrigated plots, the ratios were 13.1 and 13.3 kPa g kg.' 
respectively. 
Growth and Extension of Roots 
Effects of fertilizer and irrigation on root develop~rient \itere studiect using field-grown sorgllu~rr 
[So~.glt ir~,t b ico lo~.  (I,.) Moenchl (Lee et a].. 1996). Tlre total root biomass was affected by 
fertilizer-nitrogen ( N )  2nd irrigation and by their interiiction (Table 34). It is the top soil layers 
that contribute largely to increased root biomass due to fertilizer-N and irrigation. The total root 
length was not significantly affected by fertilizer-N, but wils consistently lligller under dry 
conditions than under irrigated co~iditions. Spatial distributio~r of root length did not fit a siniple 
lnathetnatical lnodel such iis linear, exponential or logistic curve, except at very young growth 
stages under irrigated conditions. Except for the top 16-ctii layer, tire depth at wliicl~ root length 
density was n~axinru~ii  shifted to deeper layers as sorghu~n grew. This lnay indicate that some 
roots die after water extraction and that new roots grow at [lie soil layers where water was 
available. This specific feature would contribute to the colnplexity of modelling of root 
developlnent. Rooting depth was not affected by feltilizer-N, but it was consistently greater 
under dry conditions than under irrigated conditions. Tlre root depth had a linear relationship 
with time under dry and irrigated corlditions up to tlie pliysiological maturity. 
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Alfisol 
Grain  Yield ant1 Water  Use 
A field study was condilcted during two postrainy seasons (1983184 and 1984185) to exatnine the 
yield response of sorghu~n (cv. CSH 8R) to water use, and to detertiline tlle sensitivity of yield 
to water deficits at three growth stages and at three N application rutes. The three growth stages 
were: emergence to panicle initiation (GS 1); panicle initiation to 50'70 flowering ((3%); and 50% 
flowering to physiological maturity (GS3). 
The four main treatments, consisting of timing and amount of irrigation, were: line source 
irrigation at all growth stages of sorghuln (M,): line soilrce irrigi~tiorl at GSI and GS2, but no 
irrigation at GS3  (MI); line source irrigation at GS1 and GS3, but no in-igatioli i1t GS2 (M,); and 
line at GS2 and GS3, but no irrigation at GS1 (M,). The N subtreat~nents were: 40 kg N ha'' 
(N,); 80 kg N ha" (N?); and 120 kg N ha" (N,), 
T o  account for variation in grain yield (Y), or relative grain yield (ratio of actual to tnaximum 
observed grain yield, YlYnl) in terms of seasonal water use (ET) at different crop growth stages, 
or relative water use (ratio of actual to maxirnum water use, E T I E T I ~ ~ ) ,  Y ;~nd  YlYln were 
. . 
regressed against ET and ET/ETm at different growth stages. 1 otal seiiso~lal wiltel. use accounted 
for 70% to 80% of the variation in sorghuln grain yield with different nitrogen application rates 
(Table 35). This improved to 84 to 88% when ET or ET/ETm was collsidered separately for 
GS1, GS2, and GS3. A decline in relative yield (YIYln) with decrease in relative water use 
(ETlETm) at a particular growth stage is an accurate tneasilre of crop sensitivity to water deficit. 
The coefficients of equations 10, 11 and 12 are therefore a measure of the sensitivity of crop 
growth stages to drought. It is clear that crop sensitivity to drought depends upon both the 
amount of N fertilizer applied, and crop growth stage. At a low N application rate (N,  level) the 
crop is most sensitive to water deficit at GS1. This is possibly due to poor root developlnent in 
dry soil. At higher N application rates (N2 and N, levels), the relative crop sensitivity at GS2 
and GS3 increased, and that of GS 1 decreased. At higher fertility, the greater yield sensitivity 
of GS2 to drought cornpared with GS3 is due to the reduction i n  seed number per panicle rather 
than seed mass. 
Water x Nutrient Interactions 
Alfisol 
Water and Nitrogen Response 
Two experiments were conducted on an Alfisol during the dry seasons of 1985 and 1986 to study 
the response of pearl millet (BJ 104) to amounts of nitrogen (N) and drought treatments imposed 
at different phenological stages. The drought treatments were: adequate water supply 
throughout the season (Ml);  drought during growth stage 2(GS2), i.e., from panicle initiation 
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to anthesis (M2); and drought during growth stage 3(GS3), i.e., froin anthesis to physiological 
maturity (M3). Sub-plots in each drought treatment received four levels of N in 1985 and six 
in 1986. 
The pattern of response of pearl millet to water and N was similar in both years (Table 36). 
Drought stress in GS2 reduced grain yield and total dry matter (TDM), but the effect of drought 
was Inore pronounced for TDM. In the M 2  treatment, there was no response to N beyond 40 
kg ha" in 1985, and 100 kg ha" in 1986. Drought stress in GS3 reduced grain yield at all N 
levels in both years, Inore so in 1986. The yield reduction was mainly because of a smaller 
contribution by tillers. Another reason was that drought stress in GS3 reduced the grain-filling 
period by about 1 week in both years and at all N levels. Though grain yield did not increase 
with N in M3, the TDM did. Thus in both years, drought reduced the harvest index when applied 
in GS3 but increased i t  when applied i n  GS2. 
The slnaller grain yield and TDM in the 1986 M 3  treatment compared to the 1985 treatment 
suggests that the drought may have been Inore intense in 1986. Another general observation is 
that both grain yields and TDM were stnaller in sutnlner-season crops than in rainy-season crops. 
Though N, radiation, and water supply were not limiting in the M1 treatment, higher saturation 
deficits and air temperatures inevitably increase the demand for water and this may restrict crop 
growth and development. 
Sandy Soil 
Fertilizer Application and Water Use Efficiency 
Sollie infortnation relev;~~it to the effect of fertilizer on water use efficiency in West Africa can 
be drawn fro111 two experinients, the long-tenn Baobab experiment and the long-tern1 rotation 
experiment condt~cted at ISC. 
Fertilization increiised seaso~ial crop water use (ET) modestly (Table 37), but due to the high 
response of pearl millet, its water use efficiency increased drastically from 5.4 to 14.4 kg mln'] 
in 1986. Measured crop water use by i n  experiment 2 was sil~ular in  1986 and 1987, but water 
use efficiency in 1987 was much lower than in 1986, i.e., due to insect attacks and poor stand 
(more soil evaporation or transpiration by weeds). This also llappened for cowpeas. In 
conclusion, water does liot seem to be the primary limiting factor, and fertilization is prerequisite 
to increase crop production in  this Sahelian soil, provided that crop-stands are adequate and that 
weeds are controlled. 
Effect of Rainfall on Nitrogen Response 
The efficiency of N fertilizer depends on the rainfall received by the crop. If optitnal rainfall is 
received during the entire growing season, the response to N will be strong. Conversely, in years 
of poor precipitation, no N response will be obtained because crop growth will be limited by low 
soil moisture and therefore N delnand will be limited. In extrelne drought conditions, such as 
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those of 1984 in the Sahel, N application may actually diminish yields. Fertilized plants are larger 
early in the season and rapidly deplete soil water reserves. By the time of crop maturity, 
insufficient water is left for grain filling, and thus yields are depressed. In contrast, unfertilized 
plants grow more slowly and will leave more water in the soil for grain filling. 
These trends were evident in experiments conducted in Niger. On the basis of these trials, the 
following model was developed relating grain yield at harvest to mid-season rainfall (45 days 
from mid-July to end of August). 
where, 
Yi is the grain or stover yield at the i"' lever of N fertilizer and p'l' rainfall amount 
YI is the parameter for a rainfall effect during the critical period 
y, and y, represent the parameters for the effect of the 1"' level of nitrogen 
Y4 is the interaction between rainfall and nitrogen levels 
Ei is the random error with nor~nal properties 
N , is the N rate ka N ha" 
% is total rainfall received in  a 45-day period from mid-July to end of August. 
This model predicts that N response in dry years (e.g., 1984) will be very limited, and there will 
be no benefit of N fertilizer use (Fig. 24). However, in a year of average mid-season rainfall, use 
of 30 kg N in the presence of adequate P will result in a yield increase of 430 kg grain (14 kg 
grain kg" N). In a year of optimal rainfall, it is essential to use N to gain maximum yields, and 
use of 30 kg urea-N will result in a fertilizer efficiency of 25 kg grain kg-' N (Christianson and 
Vlek, 1991). 
Subsurface Drip Irrigation for Measuring Transpiration Ratios 
A subsurface drip irrigation system was evaluated as a field method of measuring transpiration 
ratios (TR), the ratio of plant dry matter to transpiration of two pearl millet varieties grown under 
contrasting levels of water and nutrient availability. The system pennits a reliable method of 
comparing TRs so long as growth conditions are favorable enough to a lower limit of about 1 
g kPa kg". (Payne, GCrard, and Klaij. 1995a). 
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Phosphorus and Water Interactions on Sandy Soils 
Several publications have resulted from this study. Briefly the main findings are: TR varies 
inversely with plant phosphorus(P)-use efficiency (PUE) when defined in the classic sense (g dry 
matter nig.' P uptake). P root uptake efficiency (mg shoot P g" root dry matter) is less sensitive 
to ontogeny, soil P availability, and water stress, and is positively correlated with both TR and 
yield (Payne, Hossner, Onken and Wendt, 1995b). 
In the case of P deficiency, the response of TR appears to be lnostly related to rates of stornatal 
exchange of CO, and H,O. Irnproved plant P status increases the slope of the relation of 
photosynthesis to stolnatal conductance, and decreases leaf internal CO, concentration. This 
implies that P deficiency reduces photosynthesis through metabolic dysfuriction rather than 
through stoniatal control (Payne, Drew. Hossner, and Lascano, 1996). 
Growth analysis experilnents have quantified the increase in whole plallt growth and organ rates 
in pearl lnillet due to increased soil P in  the presence and absence of water stress. (Payne, 
Lascano, Hossner, Wendt, and Onken, 1991). 
Increased root growth due to P application is associated with greater rooting depth and therefore 
seasonal water supply, as well as greater soil water extraction from soil layers during dry spells. 
(Payne, Briick, Sattel~iiacher, Shetty, and Renard, 1996). 
Environme~ital Effects on 'Transpiration Ratio 
Research has also shown several environmental effects upon transpiration ratio (TR). We have 
reported results fro111 container and field experiments that TR varies wit11 ontogeny and genotype, 
increases with N and P availability, and decreases with water availability and Striga attack 
(Boukar, Hess and Payne, 1996). 
Future Plans 
Sandy Soil 
Evaluate Strategies for Improvetl Management of Soil Nutrient and Water Resources in 
Pearl Millet-based Cropping Systerns (ISPI, Activity 2a, PSI) 
Alniost all the studies on water x ~iutrieut interactio~l have been cail-ied out on on-station 
experiments at IAC or ISC. In future, we will move towards on-farm participatory research. 
The main objectives are: (i) to use data from on-station and on-farm research to better understand 
the water and nutrient dynamics of pearl millet-based production systems, and to develop the 
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capacity to stimulate these systelns, and (ii) to involve fanners, extension officers, and 
researchers in using on-fartn experimentation and sirnulation modelling to evaliuate options for 
improved soil nutrient and water managetnent. 
One of the planned experiments under this activity is a water balance and fertilizer experiment 
using pearl millet citltivars at Rajasthan. Nutrient treatments are 0, 20 and 40 N kg ha". The 
different soil profile water will be rneasured and used as different levels of available water. 
Measuring and Modeling Water Balance in Traditional and Improved Systems to Explore 
Options for Increased Resource-Use Efficiency and Improved Management (ISP2, Activity 
2b, PS 9) 
The main objectives here are: (i) to stiidy the grottndnut productivity and resource use efficiency 
under traditional rnanage~nent; (ii) quantify components of water balance under traditional 
management; and (iii) assess the scope for improving resource (light, water and nutrients) use 
efficiency. 
All the measurements will be taken in fanners' fields in Anantapur district. Different levels of 
nutrient will be different fanners' nutrient applications ranging from 6 to 16 kg N ha", 4 to 13 
kg P ha" and 2 to 3 kg K lid'. Variation in yearly rainfall will provide different levels of 
available water. 
Assessment of the Rates of Degeneration of Soil Structure in a Low-Input Cereal-based 
System (ISP2, Activity 3.2, PS 4) 
This activity is based on the experiment at RM 19 site in IAC that was conducted as 
QDPILICRISAT project. The objective was to examine the effects of different soil surface 
managements on runoff and soil loss, and was not designed to study water x nutrient interaction. 
However, this experiment was redesigned in 1995 to include low fertility treatment (20 kg N ha") 
and high fertility treatment (90 kg N ha.'). If variation in yearly rainfall is used as different 
levels of available water, this experiment will enable us to study the effect of water x nutrient 
on crop growth, and soil physical, chemical and biological properties. 
Vertisol 
Study Genotypes, Cropping Systems, Water and Nutrient Management Practices including 
Assessment of Farmers' Practices (ISP3, Activity A2, PS 7) 
The original objectives were: (i) to evaluate the effects of different cropping systems and their 
rotations on long-term soil fertility with special emphasis on soil nitrogen; (ii) to estimate the 
long-term N requirements of different cropping systerns and their rotations for maintaining 
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optimum crop production. It was not planned to study water x nuuient interaction. However, 
this activity will be restructured to examine water x nutrient interactions using rainfall data in 
different years as this experiment has different fertility treatments. 
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Table 34. Root biomass as a function of soil depth at the time of maximum total root biomass, 93 DAE. 
ON 150N SE2 
Irri- 
Depth Dry h i  - Dry h i -  h i -  Nitro- gated5* 
(m) gated gated gated3 gen4 NitrogenS 
0.05 
0.16 
0.30 
0.45 
0.60 
0.75 
0.90 
1.05 
1.20 
1.35 
1.50 
1.65 
1.80 
1.95 
Total 
'The values in parentheses are percent of total root biomass. 
'Standard error or means calculated from all treatments in this study; !, *, ** and *** significant at P = 0.1, 0.05, 
0.01 and 0.001 respectively. 
'For imgation effect comparison. 
4For N-fertilizer effect comparison. 
'For interactive effects of imgation and fertilizer-N comparison. 
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Table 35. Functions explaining variation in sorghuni grain yield (Y, kg ha-') or relative grain yield (YIYm) to seasonal water 
use (ET, rnrn) or relative water use (ETIETrn). Analysis of 2-year pooled data, ICRISAT Center, postrainy-seasons 1983184 
and 1984185." 
Function Nitrogen 
number level 
Function i or R' rse 
Y =457 + 11.0 ET 
Y = 290 + 13.06 ET 
Y = -112 + 15.7 ET 
Y = 1571-13.9 (ET), + 7.5 (ET)? + 15.3 (ET), 
Y = 2407-52.8 (ET), + 22.2 (ET), + 14.3 (ET), 
Y = 2866-58.5 (ET)l + 17.1 (ET), + 20.7 (ET), 
Y = 1339-431 (ETETm), + 1152 (ETETm)? + 3014 (ET/ETm), 
Y = 2158-2591 (ETETni), + 2943 (ETfETni), + 3310 (ETETm), 
k = 3168-3699 (ETETm), + 2503 (ETETm), + 4773 (ETETm), 
log Y/Ym = 1.012 log (ETETm) + 0.40 log (ETlETm), + 0.19 log 
(ETjeTm), 
log Y/Ym = 0.193 log (ETETm), + 0.55 log ETETni)? + 0.33 log 
(ETETm), 
log YJYm = -0.274 log (ETETIII), + 0.51 log (ETETm), + 0.47 log 
(ETETm), 
*See the text for relative grain yield, relative water use and nitrogen level. Subscrips 1, 2 and 3 refer to growth stages of GSI, GS2 
and GS3, respectively. 
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Table 37. Effect of fertilizer on water use efficiency. Results from two experiments, ICRlSAT Sahelian Center, rainy seasons 
1986 and 1987. 
Evapotrans- Drainage Rainfall Total biomass Water use (El") 
piration (m m) (mm) (kg ba") efficiency 
(111111) kg mm" hav' 
~~~~~ 
Experiment 1 
1986 Pearl millet no fertilizer 21 1 207 440 1 140 5.4 
1986 Pearl millet fertilizer 268 147 440 3850 14.4 
Experiment 2 
1986 Pearl nillet fertilizer 298 105 43 1 4030 13.5 
1987 Pearl millet fertilizer 303 65 36 1 2170 7.2 
1986 Cowpea fertilizer 276 115 339 3760 13.6 
1987 Cowpea fertilizer 265 57 319 660 2.5 
Irrigated 
5 5 
Days after emergence 
Fig. 22. Leaf area index as a function of time and N application (kg ha-'). 
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Transpiration rate (cm d 1' 
Fig. 23. Mean crop growth rate for each N level estimated from 41 to 82 DAE 
plotted as a fi~nction of mean transpiration rate for the same period for the win-igated 
(0 )  and irrigated (m) treatments. Lines correspond to mean bio~nasslwater ratios of 
5.31 (+0.13) g.kg-' and 6.82 (+0.17) for urlimgated and irrigated treatments 
respectively. 
15 30 45 
Nitrogen Rate (kg/ha-1) 
Fig. 24. Millet grain yields as affected by N rate and inidseason rain at Sadore, Niger. 

SIMULATION MODELLING 
Piara Singh, G. Alagarswamy, P. Pathak, and K.P.C. Rao 
The characteristic distribution of the natural resources (soils and climate) in the dry semi-arid 
tropical areas promotes strongly location specificity of crop growing environments. Because of 
the large variation in environments, each location will need a different set of management 
options, to increase and sustain productivity and to protect or improve the resource base. 
Simulation models which can predict crop response to soil and crop management, and their effect 
on resource use and conservation, can be used to evaluate management options. These models 
can also be used to interpolate or extrapolate research results between environments both in time 
and space to evaluate the productivity and sustainability issues. Since 1982, research at ICRISAT 
has been done to test and validate soil water balance, crop growth, and soil lnariagernent models. 
Some of the ~nodels have been used to assess natural resource availability and potential 
productivity of environments and to evaluate the long-term effect of soil management options on 
productivity and sustainability of resource base. The progress made to date has been described 
in the following sections. 
Soil Water Balance and Hydrological Modelling 
Fechter et ul. (1991) evaluated the SWATRER soil water balance and the CERES-Millet growth 
models for millet during the 1989 growing seasons at Tara, Niger. A field experiment was 
carried out to validate the soil water balance and plant growth subroutines. The required 
minimum data sets for the plant and soil components were either field determined or obtained 
from literature. Soil water content, leaf area index (LAI), and dry matter (DM) were measured 
weekly. Good agreement between simulated and measured soil water content was obtained with 
SWATRER. The CERES-Millet model consistently overestimated soil water content by 5% 
throughout the growing season and also overestimated LAI, DM, and yield. The SWATRER 
model showed good promise for evaluating water and fertilizer management strategies. Bley et 
al. (1991) used three seasons (1986-1988) data of field experiments conducted at Niamey, Niger, 
to test the SWATRER model. They then carried out long-term crop water balance simulations 
for Gao in Mali and for Tilaberi, Niamey, and Gaya in Niger. Based on their analysis, they 
constructed a risk-probability map for millet production in southwest Niger. They concluded that 
in large parts of the southwestern Niger the crop water supply in general cannot be considered 
as the most limiting factor in millet production. 
Pathak et al. (1989) developed a runoff model for small watersheds based on a modified curve 
number technique and on a soil moisture accounting procedure. Soil characteristics which have 
strong influence on runoff such as cracking and land smoothing were represented. The model 
needs simple inputs which are normally available and the outputs are daily runoff and soil 
moisture. The model has four input parameters which are estimated through calibration using 
measured runoff and soil moisture content data. The validity of the model was tested using the 
hydrological data collected from small Vertisol watersheds at ICRISAT Asia Center, Patancheru. 
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The agreement between measured and simulated daily, monthly, and annual runoff was good. 
The root mean square error values between the measured and simulated annual, monthly, and 
daily runoff from a Venisol watershed were 5.2, 3.1, and 1.6 mm respectively (Table 38). The 
modified model and the moisture accounting procedure simulated quite accurately runoff for high, 
low, as well as nonnal rainfall years in the semi-arid tropical environment. 
Sorghum Model-SORGF 
Multilocation Experiments 
Multilocation experiments were conducted at 9 locations in India (1 1-31°N) to test and validate 
the sorghum model SORGF. These locations were Hisar, Rahuri, Coirnbatore, Ludhiana, Delhi, 
Pune, Solapur, Patancheru, and Parbhani. The mean annual rainfall at these locations ranged 
from 446 lnln to 902 mm. Standard data sets on crop, climate, and soils were collected from 
these experiments. Based upon the initial testing, the phenology, light interception, soil water 
balance, dry matter production and partitioning subroutines of the model were modified. As a 
result of these revisions (Huda, 1987) the prediction of the model in~proved (? = 0.52 to 0.86). 
The model was then applied for the following aspects of crop production : 
Predicting Sorghum Grain Yields 
Simulated yields were colnpared with independent data of observed sorghum grain yield (cv. 
CSH 6) from the rainy seasons of 1978 to 1984 at ICRISAT Asia Center, Patancheru. Simulated 
yields were within the range of 1 to 9% of the observed yields in six years, when observed yields 
ranged from 4.9 to 6.2 t ha" and within 16% for one year when the yield was 6.6 t ha". 
Grain yields were also sin~ulated using actual weather data from sowing to flowering and average 
weather data (based on 10 years data fro111 1974 to 1983 at ICRISAT Asia Center, Patancheru) 
from flowering to physiological ~naturity. Simulated yields using these data, were within 2 to 
13% of the observed grain yields. This exercise illustrated that the model can be used to predict 
yields ahead of liarvesting. 
Assessing the Impact of Drought 
Tlie revised SORGF nlodel was tested by comparing the silnulated and observed response of 2 
sorghum cultivars (CSH 8 arid M 35-1) to drought-stress in 2 post-rainy seasons (1979180 and 
1980181). Tlie experiment was conducted in  an Alfisol (85 ~ n ~ n  available water holding capacity) 
at ICRISAT Asia Center, patancheru, wit11 2 cultivars and 2 water treatments (irrigated and 
drought-stressed). 
Grain yields from the irrigated treatment were 3.8 t ha" for CSH 8 and 2.1 t ha" for M 35-1 in 
the first year, while these were 6.1 t ha" for CSH 8 and 3.9 t ha-' for M 35-1 in the second year. 
Grain yields from the drought-stressed treatment were 2.1 t ha" for CSH 8 and 1.3 t ha" for M 
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35-1 in the first year, while these were 2.5 t ha'' for CSH 8 and 1.7 t ha" for M 35-1 in the 
second year. Differences in grain yields between the two years were due to different sowing 
dates and irrigation schedule. The correlation coefficient between observed and simulated grain 
yield data pooled over the 2 water treatments, 2 cultivars, and 2 years was 0.84 (Fig. 25). A 
comparison between the observed and simulated percent reduction in p i n  yield due to drought- 
stress showed that the   nod el was capable of simulating the impact of drought-stress on sorghum 
grain yield. 
Simulating the Response of Sorghum to Plant Density 
This experiment was conducted on a medium deep Vertisol (150 rnln available water holding 
capacity) at ICRISAT Asia Center, Patancheru, with 5 levels of plant density ranging from 
40,000 to 200,000 plants ha.'. Sorghum was sown on 21 June 1983, and was grown under 
rainfed conditions (rainfall June to October, 1021 mm). 
Cultivars tested produced similar grain yields up to a density of 120,000 plants ha", but above 
this, CSH 6 gave higher grain yield than SPV 351. Si~nulated grain yields for CSH 6 were 
higher than SPV 351 at each plant density. Maxi~nu~n grain yields were observed at 160,000 
plants ha" for both cultivars (5.3 t ha" CSH 6, and 4.5 t ha" SPV 351). Further increase in 
plant density did not increase grain yield in CSH 6 but decreased grain yield in SPV 351. 
Simulated grain yields in both cultivars increased with increasing plant density and were between 
3 and 15% of the observed data. The correlation coefficient between observed and simulated 
grain yield was 0.91 (Fig. 26). 
Screening Environments for Sorghum Production and Input Response 
The revised SORGF model was used to compute the probabilities of si~nulated sorghum grain 
yield for 4 locations in India using climatic data from 1941 to 1970. Mean annual rainfall for 
these locations is 527 lntn in Anantapur, 792 lnln in Patancheru, 889 lntn in Dharwar, and 1001 
mm in Indore. Available water holding capacity of soils was 50 mm in Anantapur, and 150 mm 
in the other three locations. Simulated sorghum grain yields under adequate management (e.g., 
timely field operations, high yielding cultivar, recommended doses of nutrients and adequate plant 
protection measures) in 70% of the years were more than 2.2 t ha" for Anantapur, 4.5 t ha" for 
Patancheru, 5.5 t ha" for Dharwar, and 6.2 t ha" for Indore. Agrocli~natic environments of 
Indore can be more profitably utilized by growing high value crops such as soybean and by 
adopting cropping systems (intercrop, sequential) capable of harnessing better soil water 
availability of this location. Agrocli~natic environments of Patancheru and Dharwar are suitable 
for growing sorghum based cropping systems. 
The probabilities of N-fertilizer requirements for these locations were simulated following the 
approach of Huda et 01. (1985a). Given that a total uptake of 20 kg N ha*' was required to 
produce 1.0 t ha.' sorghum grain yield, N-uptake from unfertilized plot was 30 kg ha". Based 
on the simulated sorghum yields, the N-fertilizer requirements in 70% of the years would have 
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been at least 15 kg ha" in Anantapur, 60 kg ha" for Patancheru, 80 kg ha" for Dharwar, and 95 
kg ha" for Indore. 
Sorghum Model-RESCAP . 
Monteith ct al. (1989) developed the resource capture (RESCAP) model for sorghum to predict 
sorghum crop growth and yield for the water limiting and nonlimiting environments of the semi- 
arid tropics. RESCAP places equal emphasis on the role of leaves in relation to tlie interception 
of light, and to the role of roots in relation to the uptake of water. The model is based upon two 
assumptions, which are well supported by field evidence. The assumptions are (1) the amount 
of dry matter produced per unit of radiation intercepted by foliage is effectively constant during 
vegetative growth when water is not limiting; and (2) the amount of dry matter produced per unit 
of water transpired is inversely proportional to mean saturation deficit constant whether water is 
limiting or not. According to Monteith ct 01. (1989), building a model around these conservative 
quantities keeps the model Structure simple and is equivalent to the use of constants in physical 
models. This model was tested against the data set available at ICRISAT and it perfor~ned very 
well. 
Applications of the CERES Sorghum Model 
Characterization of Yield Gap for Sorghum 
The difference between the agroecological potential of a crop and the yields that fanners realize 
in a given region is termed as "yield gap". It is a popular way of characterizing the "untapped" 
potential and defining the opportunity that can be exploited if all constraints are removed. We 
estimated the agroecological potential of sorghum crop in selected bench 11lark locations in the 
major sorghum growing agroecological (AE) subregions of peninsular India. The difference 
between the potential yield and farm level yield in these locations constituted the "yield gap". 
We used Geographical Information System (GIs) to extend the yield gap data of the benchmark 
location (from a point data) to the whole AE (on a spatial basis) where tlie benchmark location 
is situated (Vir~nani and Alagnrswamy, 1993). 
In the rainy season AE subregions, even though rainfall is adequate and improved sorghum 
cultivars are used by fanners, the yield gap was large. As a first step, research i n  these AE 
subregions should be directed to explore tlie causes for existence of such large yield gap before 
launching any research program. 
The yield gap is < 1 t ha" in the core postrainy season AE subregion (Fig. 27). Potential yield 
estimates de~nonstrate that even the improved technology coupled with any irnproved cultivars 
might not change the existing low yield in these subregions as long as water resources are not 
properly developed. 
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Nitrogen Dynamics for Sorghum Production in the Indian SAT 
The productivity in SAT agricultural system is influenced by both the temporal and spatial 
variability of rainfall. Because of the risks involved for dependable crop production and the 
increased cost of fertilizers, dry land farmers do not generally use fertilizers. However, the 
consewatis~n about the fertilizer use in  the SAT is changing progressively. We have used 
CERES Sorghum model and risk analysis procedures to quantify climatic risks to sorghum 
production and risks involved to the use of N fertilizer in various areas of Indian SAT (Godwin 
et (11. 1988; Alagarswamy et 01. 1990). 
A 25-year simulation study indicated that in wetter environments fertilizer use efficiency is often 
limited by losses of N associated with leaching of N. Where leaching losses were high, there 
was an advantage to splitting of fertilizer application. In drier environlnents tlie recovery of 
applied fertilizer was low in general and the median recovery was approxi~nately 25%. 
Comparison of N fertilizer use strategies for shallow alfisols indicated that i n  one out of four 
years there is no response to applied fertilizer above 30 kg ha". Even under si~nilar soil series, 
risks associated with fertilizer application were variable and related to variable moisture 
environments. 
In fertile vertisols (initial mineral N content 36 kg ha"; available water storage capacity 172 rnm) 
a basal application of 30 kg N ha" could boost yields to over 4.5 t ha.', indicating a response of 
53 kg grain per kg of fertilizer N applied. Ecorlotnic response (1 kg N produced 5 kg grain) is 
obtained up to 90 kg N ha". In alfisols, a much higher level of N fertilizer was required to 
obtain comparable higher yields. The efficiency of fertilizer N utilization (ratio of kg N to kg 
additional grain produced) in alfisols was much lower compared to vertisol. The results indicated 
that the practice of applying 30 kg N ha" at sowing can safely be extended to sorghum growing 
areas in the vertisols where anni~al rainfall exceeds 700 Inln. 
Quantification of Climatic Risks to Sorghum Production 
The primary production areas of sorghum [Sorghum bicolor (L.) Moench] in India lie on the 
Deccan Plateau in India. This region is characterized by a semi-arid tropical clilnate. The 
seasonal rainfall is 500-900 lnln and the length of growing season (LGS) is 110 - 150 d. 
Typically, sorghum is grown on tropical Alfisols, Vertic soils, and Vertisols having an available 
water holding capacity ranging between 100 and 150 mm. To increase crop yield, application of 
(N) fertilizer is essential. However, N-response is highly variable and dependent on the amount 
and distribution of rainfall, and on the moisture holding characteristics of the soil. 
We used the CERES-Sorghum model to quantify climatic risks involved in N-fertilizer 
management at four selected locations in the Deccan Plateau. The simulated results showed that 
yields were extremely variable when no N-fertilizer was applied. Even though the crop almost 
failed in the unfertilized treatment in some of the years, there was a guaranteed minimum yield 
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in those years when 30 kg N ha.' was applied. Fertilizer application reduced the grain yield 
variation and increased yield stability (Alagarswamy and Virtnani, 1994). 
Substantial response to applied N up to 60 kg N ha.' was noted from the cu~nulative distribution 
function (CDF) curves for gross returns. At the Hyderabad location, where a relatively 
dependable seasonal rainfall occurs, the spread in the CDF curve was narrow indicating that risks 
associated with N-fenilizer application seem to be ~ninimal. On the contrary, at other locations 
(Akola, Parbhani, and Pune) where seasonal rainfall is less dependable, the spread in the CDF 
curves for a similar N-level was rnuch wider, indicating an increased risk level. The gross and 
net returns at Hyderabad and Akola were maxi~nized between 60 and 90 kg N ha''. This 
t n a x i ~ n u ~ n  is supported by results fro111 N- response field studies conducted in Vertisols at 
Hyderabad, indicating a maximization of grain yield at about 90 kg N ha". This analysis shows 
the use of crop simulation n~odels  coupled with long-term weather data offer the possibility of 
evaluating various rnunagement strategies to sustain agriculture. 
Pearl Millet Modelling 
Because of tlie similarity in some of the growth and develop~nent processes of pearl millet and 
sorghum, a   nod el for silnulating growtll and yield of pearl millet was developed following an 
approach similar to tllat of SORGF (Huda rt (11. 1994 and Huda, 1987). In the SORGF model, 
sorghum was described as a single-cul~n plant and the leaf area was calculated from the input 
data on total nuniber of leaves and ~naximum area for each leaf. Pearl millet generally produces 
more tillers than sorgI1~1n alld this is a 111;ijor difference in tlle growth of sosghu~n and pearl 
 nill let. Thus, it would be very difficult to get input data of the total number of leaves and the 
maximun~ area for each leaf in pearl millet to calculate leaf area. The SORGF model simulates 
growth and yield of a single pl;~nt wliile i n  the pearl 17iillet model, an approach to siniulate 
growth and yield over a unit area was used. The input data and the subrouti~ies used in pearl 
millet model are briefly described. 
I n p u t  Data 
Climatic, soil and locatio~i data requise~nents of flic peari millet model are similnr to that of 
SORGF. For plant data, ~naxirnuln leaf area index (LAI) is used instead of total number of 
leaves, and ~liaximum are1 of each leaf. 
Phenology 
Huda ct ul. (1984) studied the duration of three growth stages--emergence to p a ~ ~ i c l e  initiation 
(GSI), panicle initiation to flowering (GS2), and flowering to physiological ~naturity (GS3) for 
pearl millet cultivar BJ 104. Mean growing degree days (GDD) values using a base telllperature 
of 7°C were 350 for GS 1, 470 for GS2 and 570 for GS3. The coefficient of variation was 29% 
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for GSl, 14% in GS2, and 9% for GS3. Since pearl millet has a quantitative short-day response, 
the duration of GS1 increased with increasing daylength. When daylength correction was 
introduced in the model variability in GS1 was reduced to 10%. 
Leaf Area Development 
An approach different from that of SORGF was used i n  the pearl millet model to si~nulate daily 
progression of leaf area. Potential lnaxi~nu~n LA1 (measured or assumed at flowering) was given 
as input data. Huda et al. (1984) reported that leaf area development i n  pearl millet (cv. BJ 104 
was slower than in sorghum (cv. CSH 6) in GS1 and only 10% of the maxinium LA1 was 
achieved at panicle initiation. LA1 increased linearly from 10% to 100% froin panicle initiation 
to flowering, LA1 remained 100% for about a week after flowering; then it decreased to 50% 
linearly at physiological maturity. 
Light Interception and Soil Water 
The subroutines on light interception and soil water from the revised SORGF 111odel were used. 
Dry Matter Production and its Partitioning 
Jarwal (1984) reported that 2.2 g of dry lnatter was produced for each MJ of radiation 
intercepted. Ong and Monteith (1985) reported the arnount of d ~ y  lnatter produced per unit of 
intercepted radiation appeared to be conservative at about 2.4 g MJ". These relationships were 
used in the pearl millet lnodel to calculate potential dry lnatter accu~nulation. Net dry matter 
accu~nulation was calculated using the water-stress coefficients calculated from the soil water 
availability. Partitioning of total dry lnatter to leaf, culm, head and grain at different growth 
stages were based on empirical data. 
Testing of Pearl Millet Model 
Simulated grain yields were compared with independent data of observed grain yields of pearl 
millet (cv. BJ 104) from the rainy seasons of 1978, and 1980 to 1984. Simulated yields differed 
in the range of 2 to 12% of the observed yields in 5 years, when observed yields ranged from 
2.2 to 2.9 t ha", and was within 46% in one year when the yield was 1.7 t ha". Observed grain 
yield in 1980 was very low because 190 lnln rainfall in two days (19 and 20 August) which 
coincided with flowering. 
Groundnut Model-PNUTGRO 
Multilocation Experiments and Model Validation 
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We have investigated the groundnut model (PNUTGRO) developed by the University of Florida 
and the IBSNAT project for testing and validating it for the SAT environment (Boote et al. 
1992). A program of cooperation was developed with scientists in India located at Ludhiana, 
Hisar, Rajendranagar, Anantapur, Coirnbatore, and Bhavanisagar. The collaborators conducted 
experiments on groundnut that included a colnlnon cultivar Robut 33-1 at all locations in addition 
to other cultivars and lnanagelnent treatments of local importance. Minilnuln data set on crop, 
climate, and soil were collected according to the IBSNAT format. Changes were made in various 
subroutines to improve tlie predictability of phenology and growth. Using the data sets from 
several years the niodel was calibrated for genetic-coefficients of cultivars Robut 33-1 and TMV 
2. It also detennined their phenology and growth, as well as for soil physical parameters 
influencing the soil water balance. The lnodel was validated for cv. Robut 33-1 against 
independent data sets obtained fro111 field experiments conducted during the later years. The 
lnodel predicted tlie occunence of flowering and podding within f5 days of observed values at 
locations where growth stages were recorded more frequently. Predictions of growth stages 
beyond podding were less accurate because of difficulties associated with the indeterminate 
nature of the crop and to record growtli stages after pod growth has started in the soil. Changes 
in vegetative growtli stages, total dry Inatter accumulation, growtli of pods and seeds, and soil 
nioisture were predicted accurately by the model. Predicted pod yields were significantly 
correlated ($=0.90) with observed data. These results indicate that under biotic stress-free 
situations, the ~iiodel PNUTGRO can be used to predict groundnut yields in different 
environments as deter~nined by season, sowing date, alld moisture regimes (Piara Singh et ul. 
1 994). 
Predicting Responses to Plant Population and Row-Spacing 
Field experiments were conducted during the 1987, 1991, and 1992 rainy seasons at Pauncheru, 
Andhra Pradesh. India, to collect data to test and validate tlie hedgerow version of the groundnut 
rnodel PNUTGRO for predicting crop response to row spacing and plant populatioli. The   nod el 
was calibrated using the crop growtli and pllellology data of groundnut (cv. Robut 33-1) obtained 
from the 1987 and 1991 rainy seilson experiments. In  these experinients groundnut was grown 
at plant populations rarigi~ig from 5 to 45 plants m" with and witliout irrigation. Clianges were 
made in tlie cultivar specific coefficients related to light pelletratioll into the canopy and dry 
matter production. The tnodel was validated against independent data obtained froin a 1992 rainy 
season experiment. In 1992, groundnut was grown at plant populations ranging from 10 to 40 
plants m-' and at row spacings of 20, 30, and 60 cln. Tlie niodel predicted tlie occumence of 
vegetative and reproductive stages, canopy developtnent, total dry matter production and its 
partitioning to pods and seeds accurately. Maximum LA1 observed during tlie season was 
significantly correlated with sitnulated values (r?=0.95). I n  spite of sotiie incidence of diseases 
and pests, the correlation between simulated arid observed pod yield was significant (?=0.61). 
It is concluded frorn this study that the hedgerow version of the groundnut model PNUTGRO 
can be used to quantify groundnut growth and yields as influenced by plant populatio~l and row- 
spacing (Piara Siligh ct ul. 1994). 
Genetic Coefficients of Promising Genotypes 
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In addition to the testing and validation of the model to the environmental factors, we have 
conducted several field experiments at Patancheru site to develop the genetic coefficients of 
promising cultivars. These cultivars vary in  days to maturity, growth habit, and other plant traits. 
These culbivars are TMV 2, ICGS 76, JL 24, CG 49, ICGS 44, ICGS 65, ICGS 21, ICCG 91 129, 
ICCG 91 123, ICCG 91 116, ICCG 93382, ICCG 93397, and ICCG 91 124. Model predictions on 
the of these cultivars need to be tested across environments. 
Analysis of Risk and Production Potentials 
We used the groundnut model PNUTGRO to quantify the groundnut production potelitla1 of 8 
locations as influenced by water availability and plant population at two levels of soil quality 
factor (PHFAC3). Soil quality factor is a Ineastire of overall soil fertility, inclirding the intluence 
of soil pests and diseases. The value of PHFAC3 ranges frorn 0 to 1.0 and i t  is an index of the 
rate at which the crop would grow in an environment provided water availability is not a limiting 
factor. The sites selected varied i n  the a~nount atid pattern of rainfall. Anantapur. Hebbal, and 
Coinibatore have bitnodal rainfall, while other sites have unitnodal rainfill. Rainfall at Anand, 
Patancheru, and Hebbal is Inore assured and the growing season is longer than the other sites. 
Patanchenl and Hebbal have cooler te~nperatures during tile seasor1 compared to the other 
locations. 
Solar radiation levels are high at Ludhiana, Anand, and Solapur. Soils at Ludlliana and Anand 
are deeper while those at other locations are shallower. Using soil survey infor~nation on soil 
profile characteristics of the locations and the DSSAT (Decision Support System for 
Agrotechnology Transfer) Prograln of the IBSNAT (International Berlchrnark Sites for 
Agrotechnology Transfer) Project, soils file on characteristics for detennining soil water balance 
was created. 
Crop yields were simulated assurning PHFAC3=1.0 i.e., soil fertility is optilnum and it is not a 
limiting factor for crop growth, and PHFAC3=0.7, i.e., soil fertility is suboptilnal and has limiting 
influence on crop growth. However under actual field situation, the fertility factor may vary 
between 0 and 1.0 for example, with our present version of the PNUTGRO ~iiodel we have 
detennined by calibration that PHFAC3 equals 1.0 for Anand, 1.0 for Patancheru, 0.77 for 
Anantapur, and 0.62 for Coimbatore. Therefore, this analysis is focused more on the climatic 
potential and crop yield sensitivity to changes in soil quality, water availability (irrigated and 
rainfed), and plant population levels (15 and 30 plants m"). 
We used Robut 33-1 as a test cultivar to quantify yields in response to management factors. The 
simulated results showed that under no water stress situation, Ludhiana, Solapur, and Bangalore 
have the highest production potential when soil fertility is optilnal and plant population is 30 
plants m" (Table 39). High production potential at Ludhiana and Solapur is attribution to the 
high radiation regime at these locations, while at Hebbal it is because of low temperatures which 
caused extension of the crop growth duration resulting in greater yields. Sensitivity of yields to 
the change in soil fertility factor was much greater than to the change in plant population. This 
is because of greater compensation ability of groundnut plants when plant population levels are 
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below optimum. Patancheru, Anand, Anantapur, Coimbatore, and Pune have relatively low yield 
potential because of frequent cloud cover and low radiation levels. Response to other 
management factors followed the similar trend. Simulated yields under rainfed situation are 
directly related to the amount and distribution of rainfall at these locations. At Patancheru, 
Anand, Coimbatore, and Bangalore, the modeled yields ranged from 3.3 to 3.6 t hae1. Although 
the mean yields were high at Coimbatore and Bangalore, the standard deviation in yields was also 
high because of more variability in rainfall at these two locations. At other sites, the yields were 
low as well as the variability in yields was also high which is directly linked to the amount and 
variability in rainfall at these sites. Response to plant population and fertility factor followed a 
similar trend as in the imgated situation. 
The above analysis has distinguished the locations in tenns of their production potentials and 
yield reductions caused by weather and management factors. Sites with assured rainfall need 
more attention for managing soil (soil fertility), whereas sites with low rainfall would need more 
attention for managing water and its use efficiency. Physiologically, low plant population does 
not cause more reduction in groundnut yields. But this is rarely observed under field situations 
as the outbreak of diseases and pests causes greater yield reductions at low than at high plant 
population. Thus ~naintaining high plant population provides resilience to the crop against biotic 
stresses and possibly reduce soil erosion. This suggests that if groundnut crop can be well 
protected from diseases and pests, we can still expect high groundnut yields even at suboptimal 
plant population levels. However to provide resilience to the crop against yield reducers it would 
be worthwhile to maintain high plant population. In future we plan to extend this analysis to 
other locations in India where groundnut is grown. 
Chickpea Model-CHIKPGRO 
Model Development and Validation 
A chickpea growth and development model (CHIKPGRO) has been developed by adapting the 
source-code of the hedgerow-version of the groundnut model PNUTGRO (Piara Singh and 
Virlnani 1996). To start with, chickpea crop-specific parameters were incorporated in the crop 
parameters input file to make it chickpea crop-specific. Changes were also made in various 
subroutines determining vegetative and reproductive development, crop growth, and allocation 
of assimilates to different plant organs to si~nulate chickpea crop growth under water limiting and 
non-limiting situations. Using the experi~nental data of the 1984 and 1986 seasons, the model 
was calibrated for cultivar-specific parameters of cvs. Annigeri and JG 74. We detennined their 
growth and development and for soil parameters needed for the estilnation of the water balance 
of the root-zone. The model was validated against data obtained fro111 the 1985, 1987, 1992, and 
1993 season experiments. The model predicted flowering, pod-initiation, beginning of seed 
growth, and physiological maturity within f5 days of the observed values, except under too wet 
situations when the actual seed growth and physiological maturity of chickpea occurred later than 
the simulated dates. Leaf area index, total dry matter production (TDM) and its allocation to 
various plant organs under irrigated and water stressed situations were also predicted satisfactorily 
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by the model. Soil moisture dynamics in the root-zone of chickpea was also predicted accurately. 
Predicted TDM and seed yields of cvs. Annigeri and JG 74 at harvest were significantly 
correlatecl with observed data (?4.89 for TDM, and P=0.82 for seed) (Fig. 28). These results 
on model performance show that CHIKPGRO can be used to predict potential and water-limited 
yields of chickpea at a location. 
Genetic Coefficients 
In addition to the development of the chickpea model (CHIKPGRO), we have also conducted 
experiments to collect the required data on growth and development of promising chickpea 
cultivars to develop their genetic coefficients for use by the model. These cultivars are Annigeri, 
ICCV 88202, ICCC 32, ICCC 42, ICCV 2, and ICCV 10. We have developed the genetic 
coefficients of these cultivars by   nod el calibration. Future work will be on using the data to 
predict cultivar performance in different environlnents. 
Model Development and Validation 
Based upon the principles of RESCAP-Sorghum model, Piara Singh a ul. (1990) developed the 
RESCAP-Chickpea model to predict potential and water-limited yields of chickpea in the SAT 
environment. The model was calibrated against the 1985 and 1987 measurements on cultivars 
Annigeri and JG 74, and then used to predict biomass, seed yield, and evapotranspiration (ET) 
for other seasons. A total of 27 independent data sets for seasons from 1978 to 1986 were 
available for testing the perforlnance of the model. Simulated total dry matter was strongly 
correlated (? = 0.87, P<0.01) with observed yields. Similarly simulated seed yields and ET were 
well correlated with observations (? = 0.72 for seed yield and r2 = 0.91 for ET). These 
correlations suggest that the model could be used more widely to assess water requirements and 
the associated chickpea biomass and seed yields in response to soil water availability and 
supplemental irrigation. 
Predicting Response to Irrigation Schedule 
The model was further used to assess yield responses of chickpea (cv. Annigeri) to irrigation 
schedules, and to soil water availability on a Venisol for 11 posuainy seasons using the 1978 to 
1989 climatic data at Patancheru. In response to irrigation, a maximum seed yield of 2.2 t ha" 
with a coefficient of variation (CV) of 21.4% was obtained when the (modeled) crop was given 
5 cm of irrigation at vegetative, flowering, and pod-filling stages. Total biomass production with 
three irrigations was 5.0 t ha" with a CV of 9.2%. On the average, the crop used 30.5 cm of 
water to produce 5.0 tons of biomass per hectare. With two irrigations each of 5 cm, the best 
strategy was to irrigate the crop during flowering and pod-filling to obtain higher and stable 
yields over the years. The mean seed yield was 2.2 t ha" with a CV of 13.3%. With one 
irrigation, the crop could be irrigated either during flowering or pod-filling to increase yields, but 
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the yields were more stable when the crop was irrigated during pod-filling. Non-irrigated yield 
was 1.4 t ha" with a CV of 13.3%. The response of chickpea to available soil water at 
emergence (ASW) was also examined. On average 2.9 t ha" of dry matter and 1.4 t ha" of seed 
were produced when the soil profile was,full (20 cm ASW) at emergence. As expected, the 
yields declined and yield stability decreased with the decrease in soil water availability. When 
ASW was only 50% of its maximum value, only 0.6 t ha" of dry matter and 0.3 t ha" of seed 
yield could be produced. The crop was unable to extract water deeper in the profile because of 
restricted root growth. It is clear that the model is sensitive to water availability and could be 
used to assess yield response to soil water availability, rainfall, and supplemental irrigation. 
Pigeonpea Model 
Model Development 
The pigeonpea rnodel is an adaptation of a crop model for groundnut, PNUTGRO, developed at 
the University of Florida. The model needs the same input data as the PNUTGRO. The model 
then calculates phenology, actual daily evapotranspiration, photosynthesis, above- and below- 
ground biomass production and the development of pods. In our initial work, we retained the 
framework of PNUTGRO while focusing on crop growth under nonli~niting situations of soil 
moisture and nutrients. Field experiments to calibrate and validate the pigeonpea model were 
conducted under conditions of adequate available water and nutrients. The PNUTGRO root 
developlnent subroutine was modified to reflect experimentally-observed root-shoot ratios that 
decreased from about 40% early in  the season to 10-15% late in the season. We expect the root 
growth subroutine to undergo further substantial modification, as the 'perennial' characteristics 
of pigeonpea influence growth, distribution and activity of the root system, particularly in 
~nedium- and long-duration types. 
Pigeonpea photosynthetic activity is concentrated in newly formed leaves. I t  gradually decreases 
in older leaves. Therefore, newly fornled assimilates are distributed over (new) leaves, steni, and 
pods. As the pods develop, C and N assimilates in the older leaves are mobilized and transported 
to the pods. This results in the senescence of the older leaves and ulti~iiately in their shedding. 
The pod development subroutine was modified by shutting-off the 'pegging' subroutine. The 
subroutine describing photosynthesis was changed to incorporate the effect of ageing of leaves 
on assimilation because the process of senescence (of leaves) is of little importance to groundnut, 
but is critical in pigeonpea. The process of senescence is driven by inherent (genetic) factors and 
by the developtnent of the pods. We believe that further research is necessary in this area. 
Model Validation and Future Work 
With these modifications, the PGNPEA   nod el was developed to describe the development of leaf 
area, biomass production and pods of pigeonpea under conditions of nonlilniting water and 
nutrients. Prelitninary validation results showed that under the experimental conditions, the 
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model describes the growth of the crop in the vegetative and early pod-fill stages fairly well. 
We are not yet able to model the late pod-fill stage accurately. 
The model needs to be developed further, in particular, with regard to the soil moisture and root 
subroutines, if we wish to predict the response of pigeonpen to different ecological environments. 
The model also needs to be refined and tested with regard to the effects of photoperiod and 
temperature on phenology. Associated with this is the need to further develop the senescence 
and assimilate partitioning (accumulation, mobilization) subroutines. Discrepancies have been 
observed between predicted and measured growth and leaf senescence once active pod-fill begins. 
The ~nobilization and relocation of assimilates from older leaves is probably inore than has been 
assumed hitherto, and the decline in N concentration in the leaves is not linear. The partitioning 
of N constituents could be studied using "N labeled fertilizers. Other areas iu which the model 
could be further developed include the dynamics of nitrogen and phosphorus in soils and drought 
stress impacts. 
Model Application 
Virmani er 01. (1 995) evaluated the potential for introducing Extra-short duration (ESD) and shon 
duration (SD) pigeonpea types into new agroecological environments or for intensifying its 
production in existing systelns. This ex-ante analysis using crop growth si~nulation model could 
indicate (a) new agroecological environments where existing genotypes  night fit well, (b) crop 
characteristics required to fit particular environments, and (c) yield gaps between potential and 
present levels of production. The possibility of extending the ESD and SD pigeonpeas in rainfed 
environments where the effective length of growing season is short, was examined. I t  was 
suggested that the ESD and SD pigeonpeas could find a niche as sole crops in areas with a 
seasonal rainfall of 500-1000 Inm. The expected yield is 1.5-2.0 t ha.'. The SD types need about 
1400°C d and 750°C d during vegetative and reproductive phases respectively. The crop could, 
therefore, fit into regions where pigeonpeas are not currently grown, and replace crops such as 
maize which have similar agrocli~natic requirements. A maize-pigeonpea rotation, which may 
be [nost sustainable may emerge, as the areas under ESD and SD genotypes extend in peninsular, 
central and northern Indian rainfed regions. 
Modelling of Soil Management Effects-PERFECT Model 
Several models available, such as CREAMS, EPIC, and CERES family models, simulate runoff 
as a function of rainfall and soil water content only. The model PERFECT (Productivity, Erosion, 
Runoff Functions to Evaluate Conservation Techniques), developed by Queensland Department 
of Primary Industries, Australia, includes effects of crop and surface cover and runoff is 
calculated as a function rainfall, soil water content, crop cover and surface cover. The surface 
cover and on-fann management algorith~ns of PERFECT were modified to simulate the 
management options relevant to Indian farming systems. The modified version is referred as 
PERFECT-IND. 
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Runoff algorithm of PERFECT-IND is based on a modified form of the USDA curve number 
(CN) procedure. In this version the effects of cover and tillage on curve number are incorporated 
as follows: 
Where CN,,,, is the value of CN adjusted for surface cover, CN,,,,,, is the CN for soil with no 
cover, C, is the reduction in CN for each 1% of cover and COVER is the surface cover (%). 
Where CN,,,,, is the value of CN adjusted for effect of tillage, C1 is the lnaxilnuln reduction in 
CN due to tillage, C, is the cumulative rainfall required to remove tillage effects and CRain is 
the cumulative rainfall since tillage. 
The model simulates cover and runoff after tillage and adjusts the CN on a daily basis. Temporal 
changes in the surface cover are simulated by the functions that relate weight of surface 
amendment to percent cover (Table 40). The model also includes decay rates of the amendments 
and adjusts the cover function by calculating the amount of residue left. The decay functions are 
obtained from the studies of soil biologists in this experiment. 
CNs for this soil were obtained from the rainfall runoff data collected both from natural events 
and silnulator data. The curve number for bare soil is 94 and drops by 35 units when there is 
100% cover. Similarly for sliallow tillage tlie curve number is reduced by 5 units and for deep 
tillage by 10 units. These curve numbers will revert back to that of bare situation with a 
culnulative rainfall since tillage of 200 mm for shallow tillage arid 400 lnm for deep tillage. A 
separate calibration for CNs for perennials was made using the runoff data from those plots. 
PERFECT-IND contains some new functions to siniulate tlie tam1 management operations. Tliey 
include: 
1. Allowing tlie user to define dates, alnount and type of amendment application 
2. Permitting the user to specify deep or shallow tillage operations 
3. Functions to simulate in-crop tillage operations 
4. Removing all above ground biolnass at harvest 
5. Criteria for selecting tillage and planting operations 
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Results of the model validation showed that PERFECT-IND explained between 71 and 91% of 
the variation in daily runoff volumes. The model also provided accurate predictions of average 
annual runoff ranging from 33 to 217 mm for the 15 soil management systems studied under this 
project. 
Cooperation with NARS and International Agencies 
ICRISAT scientists collaborated with the national and international institutes in the development, 
testing, and validation of water balance, crop simulation, and soil management ~nodels for the 
semi-arid tropical environlnent. Collaborative projects were developed with the national institutes 
to conduct field experiments to collect minilnum data sets required for testing and validation of 
models. As most of the crop ~nodels were developed in environments other than that of SAT, 
these required   nod el calibration and adaptation to the semi-arid tropical conditions. Based upon 
the results obtained, appropriate changes were make in various routines of the ~nodels to improve 
their predictability. The scientists from the national prograins were provided training in the 
management of databases and model applications in their environments. To study and model the 
soil erosion and productivity relationships of Alfisols, the QDPI scientists from Australia were 
placed at the IAC Center for a period of five years to strengthen this activity. Some of the 
important linkages were as follows : 
Sorghum and pearl  nill let modelling (CERES Models) 
- Michigan State University, USA 
- International Fertilizer Development Center, Muscle Shoals, USA 
- IBSNAT Project, University of Hawai, USA 
Groundnut   nod el ling (PNUTGRO) 
- University of Florida, USA 
- IBSNAT Project, University of Hawai, USA 
- Punjab Agricultural University, India 
- Haryana Agriculri~ral University, India 
- Gujarat Agricultural University, India 
- Andhra Pradesh Agricultural University, India 
- Tamil Nadu Agricultural University, India 
Chickpea modelling (CHIKPGRO) 
- University of Florida, USA 
Pigeonpea   nod el ling 
- University of Florida, USA 
Modelling of soil management effects (PERFECT Model) on runoff, soil erosion, and crop 
productivity 
- Queensland Department of Primary Industries (QDPI), Australia 
Page # 160 
Water balance modelling 
- Michigan State University, USA 
- Central Research Institute for Dryland Agriculture (CRIDA), India 
- India Meteorological Department, India 
- National Bureau of Soil Survey and Land Use Planning (NBSS&LUP), India 
Applications of soil water balance and crop lnodels 
- International Institute of Applied Systems Analysis, Laxenburg, Austria 
Future Plans 
Simulation modelling will receive greater emphasis in the new research projects developed by 
ICRISAT. Silnulation lnodels of cropping systelns and soil management will be used to evaluate 
lnanagelnent options and to transfer teclinologies to otlier agroecologies. To strengthen tliis work, 
a special ICRISATIAPSRUIACIAR collaborative project entitled "Collaboration on 
Agricultural/Resource Modelling and Applications in tlie Semi-arid Tropics (CARMASAT)" lias 
been developed for application of systems sitnulation modelling in SAT. With tliis ICRISAT will 
be entering a phase of developnient wliicli features siniulation of productioli systems which will 
include simulation of cropping systems and soil nianagelnent effects on resource base, 
sustainability and productivity. CARMASAT will support the use of APSIM in a wide range of 
projects across ICRISAT locations. Systeni lllodels of ICASA will also be eliiployed to address 
some specific issues of the projects. 
In the Integriited Systeni Project I (ISPI) the millet-based systems in Asia slid Africa will be 
investigated for niltrient a~ id  water balance effects on crop productivity alld si~stailliibility. 
In [lie Integrated Systeln Project 2 (ISP2) siniul~tion nlodels will be used to quantify water and 
nurrient balances to address the sustainability issues of tlie sorgliulii and a groundnut-based 
systems in  Asia and Africa. Nutrient balances will be qilalltified to find out the reasons for the 
lack of adoption of fertilizer recon~mendations in  southern and eastern Africa. 
In the hltegrated Systeln Project 3 (1SP3) models will be used to evaluiite the opportunities for 
double cropping on Vertisols and Vertic Inceptisols, quantify nutriel~t and soil water availabilities, 
and yield gap analysis. Soil ~nanagement n~odels  uch as PERFECT will be used to evaluate soil 
water conservatioli practices :ind to assess land degradation. 
In the Integrated Systeln Project 4 (ISP4) water balance and crop lnodels will be used to quantify 
soil water availability arid potential productivity of legutnes in tlie rice-wheat system. Nutrient 
availability lnodels will be used to ~iionitor and predict tenlporal changes in availability of 
nutrients in tlie rice-wheat system and to quantify the residual effect of legumes to guide fertilizer 
use and to evaluate tlie sustainability effects of legumes. 
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Table 38. Comparison of measured and siniulated annual runoff for Vertisol watershed at 
ICRIAT Center, Patancheru, India. 
Land 
Watershed treatments 
Measured Si~nulated 
Rainfall runoff runoff 
Year ( ~ n ~ n )  (1111~1) (rnni) 
BW1 BBF' system at 
0.6% slope 
BW2 BBF system at 
0.6% slope 
with fanners' 
field bunds 
BW3A BBF system at 
0.4% slope 
* BBF = Broadbed and furrow 
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Table 39. Yield estimates of groundnut (Robut 33-1) at various levels of soil fertility factor 
and plant population in irrigated and rainfed situations at selected locations in India. 
Pod yield (t ha") f Standard deviation 
Plant Soil 
population fertility 
Location (plants m") factor (PHFAC~)'  Imgated Rainfed 
Ludhiana . 3 0  
15 
30 
15 
Patancheru 30 
(Hyderabad) 15 
30 
15 
Anantapur 30 
15 
30 
15 
Pune 30 
15 
30 
15 
Bangalore 30 
15 
30 
15 
Solapur 30 
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1. 1.0 = Soil fertility is op t imu~n  and it is not a limiting factor for crop growth and 0.7 = Soil 
fertility is suboptimal and has limiting influence on crop growth. 
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Table 40. Relation between percent cover and cover weight for different treatments. 
Amendment 
type 
Percent cover for residue weight (t ha") 
0.5 1 .O 2.5 5.0 
Sorghum 
Castor 
Millet 
Rice straw 
Maize 
Groundnut 
Pigeonpea 
FY M 
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Fig. 25. Comparison between observed and simulated reduction in sorghu~n grain yield 
due to drought-stress for two sorghum cultivars in 2 postrainy seasons at ICRISAT 
Center. Patancheri~. 
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Fig. 26. Observed and simulated grain yield of two sorgliu~n cultivars (o = CSH 6, 
= SPV 351) nuder 5 levels of plant density (1 to 5 denotes lowest to highest plant 
density) in 1983 rainy season at ICRISAT Center, Patancheru. 
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Fig. 27. Yield gap analysis of sorghum production for selected agroecological 
subregions. 
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Fig. 28. Siinulnted versus observed (a) total dry matter (TDM),a nd (b) seed yields of 
cvs. Annigeri (0) and JG 74 ( 0 ) .  For TDM: y = -0.41 e0.0331) + 1.07 e0.08), ? = 
0.89, rlnse = 0.336; For seed yield: y = 0.21 e0.149) + 0.83 eO.08) x, ? = 0.82, 
rinse = 0.138. 
SOCIOECONOMIC STUDIES 
S .  Kolavalli, M.L. Whitaker, J. Baidu-Forson and D.D. Rohrbach 
The focus of socioeconomic aspects of soil, water, and nutrient management research has been 
closely tied to the priorities of ICRISAT's agronomic and soil science research. Three major 
themes can be identified: assessment of technologies for improved management of soil, water, 
and nuuient resources and identification of adoption constraints; colnrnon property issues; and 
degradation and sustainability of agriculture. Over the years the focus has shifted from the 
former to latter. 
1970's and early 1980's: Assessing Technologies for Improved 
Management of Soil, Water, and Nutrient Resources and Identifi- 
cation of Adoption Constraints 
Initially the central objective of ICRISAT's work in India on i~ilproved resource tnanagetnent 
was the development of technologies which lnade better use of available water. Noting that on 
the Vertisols of central India only a relatively small portion of rainfall was used in  crop 
production, research focused on development of strategies to better exploit available water. The 
main objective of the land and water management research was to identify criteria for new 
varieties, cropping systems and crop management technologies which increased long-term 
rainfall-use efficiency while contributing to runoff control and erosiori protection. Traditional 
solutions such as contour bunding, fallowing, and other traditional methods to cope with excess 
moisture were considered to be ineffective. Although bunds are efficient for soil conservation, 
their disadvantages were thought to outweigh any advantage. They were also rejected because 
no substantial yield benefits from ~noisture conservation were obtained from contour bunds under 
most conditions. 
Watershed-based resource developlnent approach included a)control and management of water 
where it falls, b) controlled and safe removal of excess water and where possible c) the use of 
supplemental water for rainfed agriculture. Ponds were tested to store runoff from the 
watersheds. Broad beds built along the mild grade which could last for a few years were found 
to be superior to ridges and furrows. They were one of the basic components of a 'Venisol 
technology' package. The technology was tested in watersheds on site and in farmers' fields. A 
cooperative on-farm project was initiated in 1978 to adapt, test and measure the performance of 
prospective land and water management technologies. 
The early work in SEPD focused on the assessment of Venisol technology components. 
Information from experiments on-site and on farmers' fields was used in cost benefit analyses 
and modelling. In addition to work on constraints to adoption, related studies were conducted 
including studies on fertilizer use by farmers and constraints to double cropping. 
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The research during this phase related to: 
methodologies for assessing the impact of new technology on SAT agriculture 
econornic assesstnent of soil, crop, and water management and ilnproved watershed based 
technologies . 
role of social organization in s~iiall watershed development potential for water harvesting and 
supplementary irrigation 
credit requirements of new technology 
constraints to double cropping 
rainfall probabilities and risks of fanning 
fertilizer use in SAT 
A study based on on-farm testing of Vertisol technology sllowed that although yields increased 
somewhat, profits were not significantly higher; and costs were three times higher co~npared to 
traditional teclinology (Sarin and Ryan, 1983). The benefits from broad beds were not significant 
particularly when the same production technology was adopted on both broad beds and traditional 
leveled fields. The study emphasized the need to develop Inore cost effective technologies and 
also the need to adopt the total package to get attractive returns. The experiments on site yielded 
fairly high returns when all coniponents of the technology (the use of fertilizers, soil and crop 
Inanagernent, variety and water ~nanagement) were adopted. The benefits were however lower 
on Veitic Inceptisols and on Alfisols. An ex-ante evaluation using a whole fann niodel to see the 
potential pesfonnance of technology showed that availability of credit would be key to adoption 
(Ghodake and Lalitha, 1986). Double cropping was found to be very profitable; sowing an extra 
crop on Vertisols generated tilore than seven times the profits of the traditional rainy-season 
fallow, postrainy season cropping pattern. 
Simulation models which used derived rainfall runoff relationships were used to evaluate 
economic potential for postrainy season pigeonpea. A runoff simulation model was developed 
for Alfisols to assess the probability of having a viable amount of runoff available in December. 
I t  indicated that there would be sufficient water and that retunl on investment would be adequate 
(Krishna Gopal and Ryan, 1983). The benefits from storage of water and irrigation on Alfisols 
were studied. The results suggested that it would be difticult to justify water harvesting and 
suppletnentary irrigation for rainy season, low value upland crops like sorghum. 
The need for fanners to work together in adopting watershed technologies was recognized to be 
a limitation of the tecl~nology. Consolidated holdings were thought to be conducive to 
introduction of watershed based technologies as they may not require group action to implement. 
The work on collective rnanagelnent of wells also suggested that individuals will work together 
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when the benefits include additional returns to compensate for the uansaction costs involved in 
organization (Doherty, 1982). 
Another study focused on the minimurn needs for an assessment of impact of improved 
technologies on agriculture (Ryan, 1975). It suggested methods to account for the effect of 
uncontrollable variables and emphasized the need to document the disuibution of benefits from 
technology adoption particularly as it could be adopted only by those who have access to 
resources. It also emphasized the importance of operational research on farmers' fields in  
providing immediate feedback to scientists. 
In the mid to late seventies greater attention was given to soil nutrients . The research focus was 
on soil fertility lnanagelnent and fertilization of important crops and cropping systems and 
investigation of seasonal changes in nutrient status urider different management systems. As rnost 
SAT soils are unable to supply sufficierit nitrogen and phospliorus for optimum plant growth, 
there was concern that deficiency of these nutrients is likely to become more pronounced as 
cropping intensities increase and new varieties with higher yield potential and nutrient 
requirement are introduced (Jha and Sarin, 1984). 
The soil fertility and chemistry program gave increased attention to nutrient recluiretnents of new 
agronomic developments. Our studies showed that nearly 60 per cent of the fertilizers was 
consu~ned in irrigated districts or those with Inore than 25 per cent the cultivated area inigated. 
Lack of fertilizer response in traditional varieties and the lack of irrigation were considered to 
be primarily responsible for relatively low levels of fertilizer use in SAT (Jha and Sarin, 1980). 
A soil fertility program in West Africa initiated i n  1982, was directed at identifying optimal 
levels of nutrient N and P for pearl millet. Different sources of P were evaluated. In some cases 
the net gains from the application of P alone exceeded the net gains from colnbined application 
of N and P. The study suggested that application of N to pearl millet in  sandy soils of the 
Sahel may not be profitable. It also indicated that small quantities of natural phosphate rock 
applied more frequently are more profitable than large quantity added at extended intervals. 
(Bationo et al. 1994). 
Late 1980's: Common property issues 
Work on cotnmon property was initiated in the mid eighties in India. Additional studies on the 
economics of Venisol technology were motivated by concerns regarding poor adoption. This 
phase was also characterized by greater interest in  understanding farmer decision-making, 
management capabilities, and knowledge systems, and rural institutions (Jodha, 1985). 
Research during this period related to: 
contribution of common property resources, their decline, and consequence for the poor 
credit requirements of Venisol technology 
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tank irrigation in India 
small scale inigation in Alfisol watersheds and water management options for rainfed 
agriculture 
constraints to double cropping 
economics of Venisol technology and socioeconolnic aspects of technology transfer 
* indigenous soil classification 
Research on common property resources (CPRs) highlighted their role in providing elnploylnent 
and inco~ne to the poor, the changes i n  their management, and their consequences for the poor. 
The study revealed that CPRs provided significant enlployment and income to rural poor and that 
the area of CPRs had been declining (Jodha, 1986). 
The work on irrigation examined the variability in area irrigated by tanks and rice production in 
comparison to non-imgated crops such as sorghum. I t  indicated that food production was 
becoming unstable because of instability in area irrigated by tanks. The instability was attributed 
to lack of maintenance, siltation, poor water control systelns and shifts in rainfall patterns (von 
Oppen, 1988; Virmani, 1991). 
Various options for ~nanitging water under different rainfall and soil water holding capacities 
were evaluated. Strategies were suggested for different conditions. Ilnproved tank management 
and a systeln of runoff and erosion controlling land management practices were examined as 
useful concepts for iinpsoved watershed management (von Oppen and Subba Rao, 1987). A 
stochastic linear programlning nlodel was developed to assess the impact of colnposite watershed 
nlanagement on SAT agriculture (von Oppen er a/ .  1986). 
Constrai~its to double cropping were examined. They found that farrners who were producing 
tlleir subsistence crop i n  rabi season were relucunt to raise a kharif crop in the lands allocated 
for these crops (Foster, 1988). Indigenous soil class;fication was examined (Dvorak, 1988). 
Lab analysis of soil sarnples generally supponed farmers way of thinking about soils. The 
systeln adopted by fanners was at times better suited than for~nal systems adopted by scientists 
to stratify soils into groups for analysis. 
Constraints to adoption of Vertisol technology were examined. The developlnent costs of 
ilnproved technology were estimated. It was felt that there is a need to increase credit supply 
to facilitate adoption. It also emphasized the need for adoption of the total package to get full 
benefits of the technology (Walker et al. 1989). Doubts were also raised as to whether the 
existing delivery systeln in  India was capable of transferring this technology which was a 
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package. Improved technology also tended to cause peak labor periods to widen. It also 
emphasized the need for adoption of the total package to get full benefits of the technology 
(Ryan et al. 1989). 
1990's: Degradation and Sustainability of Agriculture 
Although double-cropping, a key component of Vertisol technology, yielded higher returns 
through better utilization of moisture, it had the potential of depleting soil fertility. Experiments 
on site indicated that double-cropping on deep vertisols will require additional nutrient inputs for 
both rainy season and post-rainy season crops. Maintenance of soil fertility and sustainability 
of soil productivity became a research question. There were doubts as to whether introduction 
of legumes will influence soil nitrogen status. 
Resource management also was given a broader definition. The objective of the resource 
management program was stated as "finding ways in which farmers of the semi-arid tropics can 
use the scarce resources of the region more efficiently and without making them even scarce by 
damaging the environment". The word sustainability appeared in the annual report in which the 
central problem was defined as being maintaining or increasing yield by using renewable 
resources such as rainfall more efficiently without degrading resources such as soil. Emphasis 
was put on long-term improvement of soil fertility, management of rain where it falls, and 
systems which maximize yields when inputs are constrained. Study to quantity relationship 
between erosion and crop productivity began on site. 
The socioecono~nic studies conducted during this stage reflects this concern. The research was 
related to: 
sustainability of alternative cropping systems 
farmer fertilizer practices 
soil fertility management 
crop rotation in traditional fanning systems 
soil and water conservation practices of farmers 
adoption of watershed technologies 
investigation of individual discount rates 
perception and management of FYM 
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modeling agroecological environments to identify priority area for soil conservation 
sustainable management of grazing land in Rajasthan 
A spread sheet model was developed to make comparisons of total factor productivity across 
cropping systems and over time to quantify the productivity and sustainability of alternative 
cropping systems, The model was tested with data from long term trials conducted at the site. 
The attempt highlighted the need for long tenn experimentation if sustainability is to be 
understood (Binswanger et ul. 1980). 
The studies in south India also sllowed that fanners have developed effective practices for 
conserving soil and water on dry lands. Econolnic factors detertiline not only the design of soil 
and water conservation technologies but also their adoption patterns. In another study , discount 
rates of individuals in  two villages were measured using experimental games . The results of 
both the games and the questions revealed that the discount rates were significantly above the 
highest interest rates paid by respondents indicating the presence of binding credit constraints. 
Surveys were conducted in  two locations typical of Sahelian environnlents to assess 
technological, socioeconomic and institutional factors relevant to wind erosion control. The 
specific objectives were to identify relative priorities accorded to specific wind erosion control 
techniques, examine constraints to adoption of highly-rated ~iiethods of control and the policies 
needed to facilitate adoption of wind erosion control techniques. The study found widespread 
recognition of the importance of human factors in exposing soils to wind erosion. Increasing 
demographic pressure and deforestation were perceived as very important factors in promoting 
soil exposure to erosion. Low cost, technologies based on indigenous know-how and locally 
available raw materials were perceived to be very important to adoption of erosion colitrol 
technologies. 
The fertilizer practices study showed that fertilizer applications by farmers was heavily biased 
towards nitrogen. Fanners added farm yard rnanure as a soil a~nendtnent and not as a substitute 
for fertilizers. 
A study based on on-firm experiments conducted in Niger evaluated the response of pearl millet 
to application of P and N and crop rotation. Relative agronomic efficiency and net gains from 
fertilizer amendments were estimated for cereal-legume rotatiolis i n  sandy soils of the Sahel. 
Economic analysis supported tlie results suggested by RAEs. The analysis of anriual financial 
returns showed that i t  is better to apply P annually. 
On-going work includes: 
the potential for inclusio~i of legumes in rice-wheat systems to maintain soil productivity 
* farmer perceptions of soil and water conservation technologies and farmer practices the 
exrent of soil degradation and its impact on yields 
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farmer nutrient management practices and perceptions 
strategies to improve soil water and nutrient management in millet-based systems of 
Rajasthan 
Agenda for the Future 
The research objectives in the area of SWNM are to develop technologies and policies for 
improved management of soil, water, and nutrient resources for enhanced productivity and 
sustainability of drylands in the SAT. SAT fanners manage the use of their soil, water, and 
nutrient resources through crop and soil management practices which include crop rotations and 
mixtures, use of manure and penning of animals, limited use of fertilizers, response farming, 
bunding and other soil conservation structures. Under the pressure of rapidly increasing 
population and food demand, fanners are intensifying crop production. Most small-scale farmers 
living in this climatic zone presently have low incentive to invest scarce capital in soil 
productivity. Consequently, with cropping intensification, cropland productivity is declining due 
to soil erosion and the mining of soil fertility. Not enough is understood about how farming 
systems are changing; how farmers are managing the changes particularly with respect to soil, 
water, and nutrient resources; and what constraints and opportunities lnay exist for improving 
farmers' management strategies to enhance and sustain fann productivity. Economists will work 
with agronomists, soils scientists, and fanners in exploring the possible i~nplications of alternative 
crop and soil management strategies for managing soil, water, and nutrient resources through 
on-fann and on-station studies and simulation modelling. 
The focus will be on: 
understanding degradation caused by movement of soil and depletion of organic matter 
caused primarily by intensive cultivation, and its effect on crop productivity understanding 
why farmers do or do not invest in soil fertility inputs and soil conservation to maintain or 
improve soil productivity 
identifying opportunities for better management of limited soil, water, and nutrient resources 
to enhance and sustain farm productivity 
Issues include: 
The nature and the extent of soil degradation due to soil movement; impact of degradation 
on productivity; technologies to arrest degradation; farmers' perceptions of degradation, its 
effects on productivity and the means to alleviate it; and finally the need for state 
intervention. 
The nature and the extent of nutrient mining under various cropping systems; 
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Economic viability of practices which help to increase production without depleting soil 
resources; constraints faced by fanners in adopting such practices. 
The nature of constraints to investments in improving soil productivity; farmers' objective 
functions, risk preferences, discount rates; fertilizer availability; costs of degradation and 
benefits of improved management at the farm level; lack of information. 
The role of institutions in influencing decisions on resource management. 
In all these areas, the thrust is on documenting 'what farmers do' and on understanding 'why 
farmers do what they do' so that we can identify the constraints and opportunities for improved 
management options. What ought to be done is also not well known to us. Evaluation of options 
for managing soil, water, and nutrient resources is especially difficult in this clilnatic zone 
because of the temporal and spatial variability in rainfall. Sitnulation tnodels offer a potential 
rneans of alleviating this difficulty if the models can sitnulate sufficiently well the ilnportant 
interactions of environliient with tnanagetlient interventions. Cropping systerns lnodels are being 
adapted and tested with fami-level data to simulate growth and yield of important crops; runoff 
and soil erosion; long-term trends in  soil organic matter; soil dynamics, and supply to plants of 
water, N, and P; effects of residues, manure and fertilisers; interactions of crops in mixtures and 
sequences; and conditional crop and soil management actions. Cropping systems ~nodels will 
strengthen experimentation on the effects of degradation on crop productivity. The tnodels will 
allow researchers to explore a wider range of options for arresting or reversing degradation 
processes and ilnproving soil water and nutrient management than would be feasible in field 
experiments, through sitnuluted experimentatiol~. Cropping systems and economic models will 
be used in fami case studies to explore ways to improve management of soil water and nutrients 
through "What if?" analysis and discussions on important issues. The farm case studies will be 
supplemented by work on institutions and their effects on the possibilities for improving 
individual fanners' resource tiianagenient. 
A Inore precise defiriitio~l of sustainability for agriculture will be developed and a set of 
indicators of sustainable agriculture will be identified wl~ich can be relatively easily measured 
using local knowledge systenis. Tliese indicators would be groiinded in  factors that scientists 
associate with 'unsustainability' (soil feltility status, groundwater status, loss of topsoil, loss of 
vegetation, ...) but applied with obselvable tneasures that local farmers associate with 
'unsustainability'. 
The indicators could be used in prioritizing research or in assessillg impact of technologies. 
ON-FARM TESTING AND EVALUATION 
A. Bationo and J.Baidu-Forson 
Introduction 
A review of the state of the art of the agronomic research concluded that on-station research has 
developed a considerable amount of promising results but very few of these technologies have 
reached the small farmers. It is recognized that most of the technologies developed on-station are 
not built on indigenous practices and local socioeconomics realities. Fanners' priorities and 
perceptions also have not always been appreciated. Therefore, on-farm research will involve 
researchers, farmers, extension agents, non-govern~nental agencies, policy makers at the design, 
itnplementation and evaluation stages. In this way, the technologies generated have a better 
chance of adoption by the farmers. 
On-fann research reported here was conducted in West Africa and identifies some technologies 
to be tested on-farm under farmer managed trials knowing that a particular farm management 
practice is often less effective in the hand of the farmer than i t  is i n  on-station or on-fann 
researcher managed trials. Experimental farm input packages should therefore be tested under 
fanner's conditions to allow the scientists to observe transfer of techniques to the fanners' field 
and to determine associated management practices to be adopted in order to ensure good 
economic return. 
The specific objectives of the on-farm research activities were: 
To assess farmers' perception of the different technologies proposed. 
To identify the fanners' management practices which affect the performance of the 
different technologies. 
To evaluate the profitability of the different technologies. 
To identify the constraints to technology adoption and means to alleviate them. 
To assess in impact of technology adoption. 
The farmer managed mals were canied at Gobery (Niger) from 1986 to 1995 and from 1995, two 
new sites were selected at Karabedji and Banizournbou (Niger). The village of Gobery is situated 
at 120 km southeast of the capital Niamey, Niger. The average annual rainfall of about 600 rnm. 
Rainfall is highly variable, undependable and end of season drought is a common phenomenon. 
The soils of the study area are sandy paleustalfs. Banizoumbou and Karabedji are located at 80 
and 50 krn distance from Niamey with average rainfall of 400 mm and 500 mm respectively. 
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Previous agronomic data from on-station research clearly indicated that crop production can be 
a function of both cli~nate and soil conditions. However it has been concluded that in the Sahel, 
the low soil fertility is a Inore limiting factor to crop production than rainfall. On-station research 
has also established that phosphorus is the most li~niting nutrient to crop production in the Sahel 
and response to nitrogen can be substantial when both moisture and phosphorus are non-limiting. 
Intensive cropping, without restoring, depletes the nutrient base of the soils. The continuous soil 
nutrient mining in Niger in 1993 was estimated at 16 kg N ha", 5 kg P20s ha" and 8 kg K,O ha.'. 
This phenomen'on results in reduced soil fertility, damaged soil structure increased water and 
wind erosion. Nutrient mining by crops which are increasingly being cultivated on marginal lands 
is promoting soil and environmental degradation at an alarrning rate. 
The research program on integrated nutrient management started in 1982 and after three years 
of on-station research, the program identified some tecllnologies to be tested on-farm under 
researchers' tnanaged and fanners' tnariaged trials knowing that a particular fa1111 management 
practice is often less effective in  the hands of the fanner than it is in research on-station managed 
plot. 
Among the different technologies tested since 1985 in Gobery, are phosphorus fertilizers sources, 
water soluble P-fertilizers, phosphate rock (PR) and partially acidulated phosphate rock (PAPR), 
planting density, legunie-cereals rotations, and application of crop residue as mulch. 
Evaluation of nitrogen and phosphorus fertilizers and planting 
density for pearl millet production in Niger 
From 1986 to 1988 a study was conducted with 20 fanners i n  Gobery, Niger to assess tlie 
response of pearl nullet [ p e ~ ~ t ~ i s c f ~ o i t  ~luucrrni (L.) R. Br] to pliosplloriis and nitrogen fertilizers 
under farmers' conditions. In  each field, treatments included control, single superphosphate only 
(SSP), SSP plus nitrogen broadcast or hill placed (SSP+N) and partially acidulated phosphate 
rock from Puc-W in Niger plus nitrogen (PAPR + N), N and P were applied at 30 kg N ha" and 
30 kg P20, ha". Farmers were allowed to plant, weed, etc., as they wished and they planted at 
densities ranging from 2,000 to 12,000 pockets per liectase. 
I n  the comparison of the five treatments over 3 years, millet showed a significant response to 
fertilizer, and annual application of 30 kg P20, ha" without supplemental nitrogen resulted in 
yield increases of 12.5% (Table 41). Treatments that received nitrogen i n  addition to phosphate 
showed a 18 1 % increase over controls. No significant difference was found between PAPR and 
SSP, nor was a difference found between SSP plus N broadcast and SSP plus N hill placed. 
I-Iowever, crop response to fertilizer use was strongly affected by the cropping density chosen by 
tlie individual farmers (Bationo et al. 1992). 
Averaged over all fertilized treatments and all years, crop density was shown to have a highly 
significant effect on  nill let yield. When fanners i n  the lower density quartile planted at less than 
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3,500 pockets per hectare, yield was very low (317 kg ha") and no response was found to 
fertilizer use. However, for each 1,500 pocket ha" increase of approxilnately 200 kg grain ha.'. 
The strong effect of density on yield was evident in all treatments. In the absence of fertilizer 
inputs, increasing density from 2,000 to 7,000 pockets per hectare (the highest density achieved 
without fertilizer) increased yield by approxilnately 450 kg. Over the density range of 2,000 to 
12,000 pocketsAia that was found in the fertilized plots, addition of P alone increased yield 490 
kg ha" above that of the control to give a yield benefit of 16 kg grainkg P,O,. However, 
increasing density did not greatly enhance the yield response to phosphorus. The response to N t P  
relative to P only or control treatments was highly dependent on crop density. At densities below 
3,000 pockets ha'' no response to P+N was found. However, as density was increased to 10,000 
pockets ham' and N demand rose, a millet response of an additional 333 kg grain over the P only 
treatment was predicted. 
Phosphate fertilizer applied in 1986 continued to have a significant residual effect on crop growth 
in  1987 and 1988. Annual residual response to fertilizer was found in  the low density plots, 
yields in the high density plots averaged 100 kg grain per hectare higher than controls. A 
significant residual effect, in terms of increasing plant density, and tlierefore yield was also found 
for 2 years after phosphate application though no such effect was noted with nitrogen. 
A significant effect of fertilizer use on plant density at harvest was noted in all years. Even 
though each farmer planted at the same density in the control and fertilized plots, average 
densities at harvest i n  1986 for the fertilized treatments were 40% higher than found in  the 
control plots. Similar trends were noted in 1987 and 1988, suggesting that P fertilizer use had 
the additional effect of increasing the survival rate of plants. These results illustrate the role that 
fertilizer use can have on early crop develop~nent and crop survival. Fertilizer promotes rapid 
early shoot and root growth and thus enables the plant to better withstand early drought stress. 
In addition, improved vigor reduces the extent of injury caused by moving soil in the sandstorlns 
that may precede rnajor rainfall events in the Sahel. 
It is evident that fertilizer use efficiency, and therefore the profitability of its use in fanners' 
fields, depends significantly on crop density, which, in turn, determines the millet response. Once 
this is set, the profit realized by the fanner depends on two ratios: the ratio of the value of the 
additional grain produced to the cost of the fertilizer inputs necessary to achieve this yield (value: 
cost ratio) and the ratio of the costs of a kilogram of fertilizer to the value of the kilogram of 
millet (price ratio). These ratios will vary with government pricing policy and market prices. 
Based on the yield model described and on the density reduction without fertilizer, the value: cost 
ratio for fertilizer use depends on both the price ratio and planting density. A value: cost ratio 
of 2 has been chosen by F A 0  as the econo~nic limit above which a farmer will likely adopt a 
crop management practice. In such a case a fanner would achieve a return of 100% on a fertilizer 
investment. 
When millet prices are high andlor P fertilizer is inexpensive (price ratio of 3.5 or less), the 
model indicates that use of 30 kg P20, is profitable at any density in excess of 1,000 pockets ha" 
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and would result in a value: cost > 2. As the price ratio increases, profitability of P use is limited 
and when it reaches.6, even very high densities will not make P fertilizer by itself a viable 
option. 
Because of phosphate plus nitrogen is Inore expensive than phosphate alone and the effect of N 
is not as strong as that of P at low density, a very favorable P+N pricing must be in effect before 
their use at low density will result in acceptable value: cost ratios. Tlius, the farmer must use 
high densities to maximize the benefit of his inputs. Figure 29 indicates that in no case P+N (30 
kgha as P,O, and N) will be profitable at a density of 1,000 pockets ha" and only at 3,000 
pockets ha-', P+N will fertilizer show profitability at a price ratio of 4 or lower. However, as the 
price ratio increases to 10, P+N fertilizer use can still exceed a value: cost of 2 if crop densities 
are kept high enough. 
Evaluation of water soluble pliosphorus and nitrogen fertilizers, 
phosphate rock from Tahoua (PRT) and rotation of cereal with 
legumes 
Phospl~orus (P) deficiency is a major constraint to crop production in West Africa. The use of 
P fertilizers at the fann-level is limited by supply and the high cost of imported fertilizers. 
Therefore, the availability of cheaper but efficient sources of fertility an~endments would be 
helpful to farmers. Phosphorus rock deposits, that can provide cheaper source of P, exist in some 
Sahelian countl.ies. On-station research showed that finely-ground phosphate rock of Tahoua 
(PRT) can be 82% to 91% as effective as single superphosphate (SSP), when used for peail 
millet (Pe1111iserlo?t gluucrint (L.) Br.) production (Bationo et al. 1990). 
Nitrogen (N) uptake by pearl ~iiillet crop on sandy Sahelian soils is betweell 20% and 37% of 
the total N that is applied whereas N losses that occur are about 25% to 53% (Christianson et 
al. 1991). Nitrogen fertilizer is an important but costly and more risky input than P in  millet 
production. The fixation of N by legunies in cereal-legunie rotations could reduce the risk of 
financial losses associated with N application in the unpredictable production environnient that 
cliaractelizes [lie Sahel. The most important legu~nes in the Sahel ase cowpea (Vi'qltu u~rguic~rlutu 
(L.) Walp) and groundnut (At.uchis 1i))pogaeu L.) Sahelian farmers sow cowpea at very low 
density as an  intercrop with pearl millet. 
A faniier-ltinnaged fertilizer and rotation tlial was conducted between 1990 to 1992 at Gobery. 
Relative agronomic efficiency (RAE) and partial budgets are used to show the efficiency and 
profitability of applications of P from PRT, N from urea and cowpea-inillet rotations. 
Phosphorus was broadcast on the soil surface before plantitlg. There was split-application of N 
(15 kgha per split), from urea. The f is t  split was applied at about two to three weeks after 
planting (WAP) while the remaining equal amount was applied at about five WAP. Local millet 
and improved cowpea (cv TN5-78) varieties were planted in the treatments. The timing and 
frequency of field operations were at the discretion of farniers. 
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The RAEs were calculated for P from PRT. the addition of N and rotation. The test and 
reference treatments have the same cliaractetistics with tlie exception the effect being studied. The 
control yield is either the traditional continuous sole riiillet or the conti~luoi~s sole cowpea 
depepding on the crop grown in the reference and test treatments. 
Both annual application of P from SSP and the residual effect of single I' application significantly 
increased yields of pearl millet grain and total dry matter, compared to yieltls of tlie continuous 
millet with no fertilizer application that is traditionally practiscd by Sahelian farniers. Although 
the results show two-year residual effect on dry matter, there was no evidence of significant yield 
gains when P application interval exceeded one year. 
Relative efficiencies of 50% or less observed for P fro111 PRT, were much lower tllan the results 
of earlier researcher-managed trials that showed RAEs of betwren 82% atid 91%. Si~iiilarly, the 
relative efficiencies of PRT in cowpea ci~ltivation were less than 80%. I n  [lie researcher-ma~i:~ged 
trials, a rotor-tiller was ilsed to incorporate PRT into thc soil. However, in the farmer-~iianageci 
trials, PRT was broadcast because filrtners lacked the tillage e q ~ ~ i p ~ n e n t .  Tlierefore. tlie observed 
lower RAEs may be due to tlie ~nt.tIiods of PKT application and their relative effects on losses 
of pulverized PRT to blowing wind. It is possible to reciuce losses pulverized PKT i f  phosphate 
rock is applied in granulated form. Ho~\'ever, gra~lulation is likely to decrease rapid release of P 
and thus increase cost of PRT that can be realized from ~iiillet production wllen PKT is 
granulated or co~npacted. 
The addition of N to P from SSP produced higher RAEs, particularly when tliere was increasing 
reliance on residual P. Millet-cowpea rotations also showed co~lsistently liigli RAEs for a  nill let 
crop that followed a pure cowpea crop. This is consistent with earlier millet-cowpea rotation 
results which showed that improvements in  soil fertility by a sole cowpea crop are of benefit to 
the succeeding pearl millet crop. It was not clear from earlier studies whether the increased millet 
yields were due to the residual effect of N from the legume or the residual P. However, the 
compared sizes of RAEs for millet after sole cowpea in 1992 and the application of N suggest 
that the beneficial effect of a preceding sole cowpea crop on subsequent millet yields could be 
attributed to residual N effect. Therefore, in view of the high losses associated with N fertilizer 
application and its cost, millet-cowpea rotations could provide a less risky fertility improvement 
substitute for farmers in the Sahel. However, preference for staple rnillet grain, the need for 
insecticidal sprays to improve grain yields and the non-availability or cost of spraying equipment 
and insecticides might discourage farmers from cultivating sole cowpea in alternate years. The 
cultivation of pure cowpea might encounter fewer adoption constraints where there is a strong 
market for cowpea fodder, eliminating the need to spray, and there are well-established local 
market opponunities for exchange of fodder for millet grain. 
Farmers make net financial gains if P from SSP is applied either annually or at least once every 
three years. Although costs are reduced when residual effect of P frorn SSP is used for millet 
production in two consecutive years, three-year net gains over the more costly annual application 
of P from SSP were significant. The use of N in addition to P application significantly improves 
net gains. Colnparisons of millet-cowpea rotation treatments show that it is better to apply P 
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annually instead of relying on the residual effect of P for two consecutive years. However, the 
low three-year net gains suggest that exploitation of benefits from residual P effect should be 
limited to one year.' 
Comparisons of treatlnents in  which the same quantities of P from PRT and P from SSP were 
applied show that it is better to apply SSP. This is due to the low RAEs for P from PRT. 
However, where SSP is unavailable, farmers should apply indigenous PRT instead of continuing 
the current practice of continuous cropping witllout fertilizer application. 
Co~nparisons of the traditional continuous n~illet reatment with each of the other treatments show 
that three-year net gains increase with frequency of cowpea cultivation. This is because cowpea 
grain and fodder prices are higher than millet grain and stover prices. However, the cultivation 
of cowpea requires higher amounts of labor, particularly for harvesting. The increased gross 
returns generated by the cultivation of cowpea are not high enough to compensate for the 
increased use of labor. Therefore, retunls to labor are invariably reduced. 
Evaluation of crop residue, water soluble phosphorus and nitrogen 
fertilizers, phosphate rock from Tahoua and rotation of cereal with 
Iegunies 
Poor soil fertility and I O \ Y  use of orgi~nic ;ind inorgi~nic fe~tilizers ;ire the greatest corlstraints to 
increasing agricultur;~l productivity of far~ning systems i n  tile \Vest African semi-arid tropics 
(WASAT). Results fro111 long-tem~ field expel-i~nents llowed that tlie use of mineral fertilizers 
alone in the long-1u11 leads to decreasing base saturation, decreasing pH and incre;lsing aluminum 
(Al) toxicity in soils wliich ~niglit be limiting crop yields. Tlle soil fertility in intensified fa~ining 
in the WASAT can only be maintained 1111~oi1gI1 efficient recycling of organic material such as 
 nill let crop residue (CR) or manure in conlbination with mineral fe~tilizers and using rotations 
with legunles such as ground~iut and cowpea. Tlle meclla~lisln responsible for the positive effects 
of CR on crop yields are m~rltiple. They include local conditions such as rainfall, \vi~ld speed, soil 
type, and temperatu~.e regime. Tllus, at some sites a11 i~lcrease i l l  a v ~ i l i ~ b l e  ~ I I o s ~ I ~ ~ I ' u s  (P) or 
potassium (K) inay be the ~llost  impolrant ~nechan i s~n  wllile at otller sites, the protection against 
sand coverage a ~ l d  water erosion, a loose~lirig of the upper soil layers, soil nlicrobiological effects 
or a decrease of soil surface temperature and soil resistance  nay be dominiint. 111 mixed crop- 
livestock systems, the issue of competi~lg uses for CR needs to be addressed to understand the 
current mechanis~ns of resource allocution by f i r~ne r s  and to design economically and 
ecologically sound alternatives which ensure the sustainability of current farming systems at a 
Iligher output level. Tlle comple~nentnry effects between livestock and crop production in tlle 
Sahel also suggests tIi;it research efforts should not orlly take into account w;~ys to increase crop 
biomass at the farm le~,e l ,  but also to increase tlie quantity ant1 quality of fodder. (Hationo et  al. 
1993) 
Application of feltilizer and crop residue increased plant estnblishnient at harvest, grain and total 
dry matter yield but the addition of SSP hill placed at the rate of 200 g hill" was not significant. 
In 1995, phosphate rock fro111 Talloua was added to plot receiving the hill placement of SSP and 
both grain and total dry Inatter yield were inlproved as compared to the application of PRT alone. 
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It may be concluded that when cowpen is rotated with coivpea there is no more need to apply 
nitrogen to pearl millet. 
As already indicated, Karabedji and Banizoumbou were selected from 1995 as additional sites 
for testing our technologies. Both water soluble P fertilizers, phosphate rock and hill placement 
of 200 g P hill'' as SSP positively affected millet density at harvest, grain, and total dry matter 
yields. 
Assessment of the impact of the on-farm testing and evaluation of 
technologies 
As a result of this research, frumers in Gobery increased tlieir yield of tnillet by an average of 
250'10 in the tests plots. Fertilizers consumption increased in Gobery from less than 2 units of 
single superphosphate (SSP) in 1982 to Inore than 115 units of SSP, ul.eu, :uid co~npound NPK 
fertilizers in 1988. This figtire has continued to grow ;itid over 150 units of fe~~i l izerb  were used 
during the 1994 cropping season. in 1994, 86 households of the total 136 pla~itrd ;1 portion of 
their fields into pure oowpea for rotation with pearl millzt. The ititroductio~~ of oowpca as cash 
crop will allow the fanners to pnrchase inputs such as fertilizers. Use of millet straw as ~nulch 
and as source of plant nutrients has become a common practice. The use of rotations involving 
sole-crop cowpea and millet is gaining motnentum. The cowpea serves tis a source of biologically 
fixed nitrogen for the millet crop. Although the on-fann research involved only 30 filrniers, today, 
over 98% of the farmland in Gobery is fertilized. Even though very little of the increased rnillet 
production was sold during the first few years of this program, farmers felt Inore food secure and 
used a greater proportion of their off-season income to purchase fertilizers. Perhaps more 
significantly in terms of soil fertility ~naintenance, farmers who applied fertilizers increased crop 
residue production which was used as fuel, fodder, and also to protect soil from wind erosion and 
improve fertility. 
The on-farm trials have underscored two important lessons. First, the use of fertilizers is more 
efficient, profitable and environ~nentally sustainable when placed within an integrated system of 
sound management practices. These practices include use of organic materials and improved seed 
varieties; proper planting density and planting time; and split applications of nitrogen fertilizer. 
Becaiise management practices are crucial to crop perfonnance, research scientists, extension 
personnel and farlners Inlist jointly develop and promote agricultllral technologies. Further, 
farmers' needs, beliefs, preferences, and constraints as understood, defined, and articulated by 
farmers the~nselves must be built into the research and development agenda from the beginning. 
Second, phosphate rocks indigenous to West Africa can meet the phosphate needs of crops in the 
region. Researchers believe that sustainable use and management of West African natural 
resources can help reverse declining agricultural production, reduce soil degradation and 
desertification and alleviate rural poverty. African farmers have long recognized the need to 
improve soil fertility to maintain food production. However, the cost of irnported fertilizers is 
beyond the reach of most resource-limited farmers. Most fertilizers are purchased with scarce 
foreign exchange. The devaluation of the currencies in all West African countries has reduced 
their ability to buy fertilizers. The focus on using indigenous phosphate rock as a cardinal axis 
of a national soil fertility management strategy as source of plant nutrients and as soil amendment 
has given national leaders new hope for regional food security. 
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Table 41. Millet grain yields by treatment (mean of 3 years). 
Treatment Yield 
(kg ha.') 
Control 
SSP only 
SSP + N hill placed 
SSP + N broadcast 
PAPR + N broadcast 
LSD" 05 
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2 4 6 8 10 12 
Price ratio [ ( ~ 2 0 d + ~ ) / m i l l e t ]  
Fig. 29. Effect of price ratio and planting density on value cost ratio where fanners 
use both P (30 kg P,O, ha") and (30 kg  N ha") fertilizers. 

Acronyms 
APAU Andhra Pradesh Agricultural University, Hyderabud, Andhra Pradesh, India 
APSRU Agricultural Production Systems Resource Unit 
BBF Broadbed and furrow 
BNF Biological nitrogen fixation 
CARMASAT Collaboration on Agricultural/Resource Modeling and Appli~utioris i n  the Semi- 
Arid Tropics 
CCS Conditional cropping system 
CDF Cuniulative distribution function 
CHIKPGRO Chickpea silnulation model 
CN Curve number 
CPR Coln~non property resource 
CR Crop residue 
CRIDA Central Research Institute for Dryland Agriculti~re (ICAR), Hyderabad, Andhra 
Pradesh, India 
D Drainage 
DSSAT Decision Support System for Agrotechnology Transfer 
DUET Crop growth simulation model 
EARSAM Eastern African Research Network on Sorghuln and Millet 
Es Soil evaporation 
ESD Extra-shon duration 
ET Evapotranspiration/water use 
ETA Actual water use 
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ETM 
FA1 
F A 0  
FEER 
FY M 
GDD 
GIs 
GS 1 
GS2 
GS3 
I AC 
IBSNAT 
ICAR 
ICARDA 
I H 
I1 ASA 
IlPR 
IITA 
ILRI 
ISC 
ISP 
ISU 
Maximum water use 
Fertilizer Association of India 
Food and Agriculture Organization 
Fond de l'ean et de ']equipment rural 
Farm yard manure 
Growing degree days 
Geographic Info~ii~ation Systeli~ 
Growth stage 1 
Growth stage 2 
Growth stage 3 
ICRISAT Asia Center 
International Benchmark Sites for Agroteclinology Transfe 
Indian Council of Agricul~ural Researcli 
International Center for Agricultural Research in the Dry Areas. 
Institute of Hydrology 
International Institute for Applied Systems Analysis, Vienna 
Indian I~~stitute of Pulses Research (ICAR), Kanpur, India 
International Institute of Tropical Ag~culture 
International Livestock Research Institute 
ICRISAT Sahelian Center 
Integrated Systern Project 
Iowa State University 
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ISU 
K 
K(0) 
KS U 
LA1 
M 0 
N 
NARS 
NBSS&LUP 
P 
P APR 
PERFECT 
PGNPEA 
PHFAC3 
PNUTGRO 
PRT 
PS 
QDPI 
RAE 
RESCAP 
RUE 
SD 
Intercrack structural units 
Potassium 
Unsaturated hydraulic conductivity 
Kansas State University 
Leaf area index 
Molybdenum 
Nitrogen 
National Agricultural Research System 
National Bureau of Soil Survey and Land Use Planning (ICAR), Nagpur, India 
Phosphate 
Partially acidulated rock phosphate 
Productivity Erosion Runoff Function to Evaluate Conservation Techniques 
Pigeonpea si~nulation model 
Soil quality factor 
Groundnut simulation model 
Phosphate rock from Tahona 
Production system 
Queensland Department of Primary Industries 
Relative agronomic efficiency 
Resource capture model 
Radiation use efficiency 
Short duration 
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SEPD 
SORGF 
SSP 
SWATRER 
TDM 
T E  
UNDP 
USDA 
VAM 
VASI 
WAP 
WASAT 
IVATBAL 
WMO 
WTC 
Socioeconomics and Policy Division 
Sorghum growth simulation model 
Single superphosphate 
Water balance lnodel 
Total dry matter 
Transpiration efficiency 
United Natio~ials Developlnent Program 
United States Department of Agriculture 
Vesicular Arbuscular Mycorrhizn 
Vietnam Agriculture Sciences Institute, Hanoi, Vietnan~ 
Weeks after planting 
West African Semi-Arid Tropics 
Water balance t~lodel 
Worltl Meteorological Organization 
Warer Technology Center, Indian Aglicultural Research Institute, New Delhi, 
India 
Yield 
hlaxirn~im yield 
hlnximum depth of probe masurement  
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